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ABSTRACT

This document presents information essential to understandinF the risk
associated with inter-system loss-of-coolant accidents (ISLOCAs). The method-
ology developed and presented in this document provides a state-of-the-art method
for identifying and evaluating plant-specific hardware designs, human perfor-
mance issues, and accident consequence factors relevant to the prediction of the
1Si.OCA risk. This ISLOCA methodology was developed and then applied to
a Babcock and Wilcox (B&W) nuclear power plant. The results from this
application are described in _ detail. For this particular B&W reference plant, the -
assessment. indicated that the probability of a severe ISLOCA is approximately
2.2E - 06/ reactor-year.

FIN B5699-Inter-System LOCA
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EXECUTIVE SUMMARY

Inter-system loss-of-coolant accidents this methodology to the H&W plant was per-
(ISLOCAs) are identified in some probabilistic formed by a team consisting of both PRA and
risk assessments (PRAs) as major contributors to human factors specialists. The important results
risk at nuclear power plants (NPPs). They can ar: displayed in Table ES-1. Insights and
potentially result in core damage and containment observations that are specific to this reference-
bypass, which may lead to the.early release of plant analysis are as follows:
large qu mtities of fission products. Several oper-

Significant contributors to the ISLOCAating nuclear reactors have experienced events *

that can be identified as ISLOCA related, core damage frequency (CDP) and risk were
identified to be the result of human errors.

The occurrence of these operational events. These human errors were associated with
loosely termed "lSLOCA precursors," have routine plant operdons [ stroke testing
called into questio- _he assumptions and bound- high-pressure injeu.x. (HPI) valves] and
ary conditions typically used in PRAs. The scope during plant mode changes (snutdown),
of the questions concerned the ISLOCA fre- However, these types of errors have a much

quency of occurrence, the type of potential initia- greater probability of being recovered
tors, and the means of identifying and mitigating before core damage can occur than de hard-
this class of accidents. Th.se questions and the ware failure initiated events.

.opei ?nal experience suggest that the risk
Although the ISLOCA scenarios that areassoc med with an ISLOCA may be targer than *

previously estimated and that additional measures influenced primarily by hardware failures

may be needed to prevent and/or control such are calculated to be significant contributors

accidents.. Therefore, it is necessary to moie fully to CDF and the risk associated with an
understand the issues associated with ISLOCA ISLOCA, this observation is not supported

sequences by formulating and implementing a by the operational experience. Catastrophic

U.S. Nuclear Regulatory Commission (NRC) failures of check valves Anown to be initially

sponsored ISLOCA Research Program. scated, leak tight, and held closed by a large
delta. pressure are extremely rare (we could

The NRC's ISLOCA Research Program has not find any reported instances). The CDF
several important objectives. These objectives contribution of hardware failure initiated
cover the issues believed to dominate NPF risks events is suspected to be the result of uncer-

|
for the ISLOCAs, and include providing qualita- tainties in the data. Information on leak
tive and quantitative information on the hard- sizes for check valve failures in the avail-
ware, human factors, and accident consequence able data is vague and incomplete.
issues. A risk assessment methodology was

The isolation of the break is an importantdevelo; el to support these objectives. This .

ISLOCA methodology has been applied to three recovery action during an ISLOCA. The
. pressurized water reactors: a Babcock am Wilcox analysis indicates that hardware is typically

(B&W) plant, a Weatinghouse 4-loop plant, and a available to isolate these ISLOCA ruptures.

- Combustion Engineering plant. This report Procedures and training can be upgraded to

describes the ISLOCA methodology and also improve the likelihood that this hardware
presents detailed results from the application of will be used to isolate these breaks and thus

the methodology to a B&W plant. reduce risk.

A reduction in risk can be achieved byA methodology was developed to perform +

qualitative and quantitative evaluations for the changes to procedures, training, and instru-

ISLOCA sequences. The steps and their relation- mentation. These changes can improve
ship are shown in Figure ES-1. The application of situational awareness (i.e., that personnel

xi NUREG/CR-5604
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Plant |. Potential 15LOCA ISLOCA sequence. interfaces andsystems and initiation prob.
operation s - g[,I"nttlej

" *
estim ate (llW/IIRA)reviewed (ETs developed) y s

o

Component Loca' sy stem
-

press. fragilities p.'e s su re s
calculated calculated

Recovery and Estimate ttme Ld
mitigation to core d am age sy stem ruptureprobabilities (ta, time avail.

=

probabilities=
estimated for recovery) e stim ated

i
Core damageR adioactive frequency

source terms calcul ate r'
estimated (ETs ; q u an tif f ed) ISLOCA risk Sensitivity

calculated an alysis"

+

Conditional
consequences Results andcalculated

insights
4

- Figure ES-1. Approach for plant-specific evatuation of ISLOCA.

Table ES-1. Plant-damage state frequencies from ISLOCA sequences for a B&W reference-plant
- (frequency per reactor-year).

._.

- Plant damage state Frequency Plant-damage stat' descriptione

OK op 1.1 E - 02 Interfacing system is overgressurized. but does not rupture..

LK-ned 1.5E - 03 Reactor coolant is lost. but is either too small to be signincant
or is isolated before core damage occurs (no core damage).

-

LOCA-ic 8.9E - 0F Sequence results in a loss-of coolant accident inside

_ containment.

REL-mit 0.0 Core damage, but radioactive release is mitigated.

REL-Ig 2.2E - 06 Core damage with a large unmitigated radioactive release.

Total core damage 2.2E- 06 Sum of large and mitigated release frequencies.
frequency

<j-
.
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understand the consequences of procedural the rupture before all equipment is lost. For

mistakes to ISLOCA sequences), and pro- the B&W plant analysis, worst-case sce-
:

vide direction for the operators if an event mtrio estimates range from 2 to 4 hours for
were to occur, the large and small ruptures, respectively.

(Note: These do not necessarily represent
conservative estimates but simply the worst

Environmenta! effects in the auxiliary combination of severallikely scenarios*

building and their affect on vital equipment based on rupture size and location, and sys-
is an uncertain issue. Provided the equi - tem and operator responses.)P

ment is environmentally qualified (e.g.,
based on a high-energy line break analysis), Caution must be exercised in applying the
temperature and humidity should not be of results from the analysis to different B&W plants.
concern. Ilowever, it is possible that large Conclusions regarding the ISLOCA risk for the
amounL of water will be released into the B&W plant analyzed in this study will likely be
auxiliary building in an ISLOCA event, different for other B&W plants.
which could generate significant flooding in
vital equipment areas. This a.,pect is Because of the influence of potential human

influenced by several factors: the size of the errors (both initiation events and post-rupture

rupture, drainage capacity (including drain- recovery events) on ISLOCA risk, evaluations for

age to other areas in the building), sump other plants should include a comp;ehensive
pump capacity, presence and capacity of fire human factors assessment. This assessm:nt
suppression sprays, md the location of vital should include identifying possible human errors

equipment relative to flooding sources. The contributing to the initiation of an event (both
consequence of this issue is the availability latent and commission errors), and an assessment

of equipment and time necessary for recos- of operator perfomiar.ce in recovering from an
ering from an ISLOCA. Once primary sys- ISLOCA rupture (i.e., detecting. diagnosing, and

tem makeup and heat removal capacity has isolating ruptures). The human factors ISLOCA
been lost, there are few options left to the assessments must identify and evaluate the
operators. The pertinent question is how influences on human performance during all
much time do the operators have to isolate modes of operation.

xiii NUREG/CR-5604
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GLP Gross leak pa ssure
RO Reactor operator

HEP Human error probability
RPV Reactor pressure vessel

HPI High-pressure injection
SDC Shutdown cooling

HRA Human reliability analysis
SHARP Systematic Human Action Reliability

INEL |daho National Engineering Procedure

Laboratory
SG Steam generators

IRRAS Integrated Reliability and Risk
'I ALENT Task Analysis-Linked Evaluation

Analysis System
Technique

ISL OCA Inter-systerr oss-of-coolant accidentl
TilERP Technique for human error rate

LER. Licensee Event Report prediction
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Assessment of ISLCCALRisks-
- Methodology and Application to a

Babcock and:Wilcox Nuclear Power Plant

1. INTRODUCTION

The Reactor Safety Study-An Assessment of Mr. Eric S. Beckjord The ISLOCA Research
Accident Risks in U.S. Commercial Nuclear Program described in this report was initiated as a
Power Plants, WASH-1400,3 identified a class of result of this memorandum.
accidents that can result in overpressurization and

= rupture of systems that interface with the reactor The objective of the ISLOCA Research Pro-
- coolant system. These events were postulated to gram is to provide the U.S. Nuclear Regulatory

~ be caused by the failure of the check valves and Commission (NRC) with qualitative and quantim

motor-operated valves (MOVs) nomially used for tive information on the hardware, human factors,

- system isolation. A. subset of these inter-system and accident consequence issues that dominate the

loss-of-coolant accidents (ISLOCAs) were called - nuclear power plant (NPP) risk associated with an

V-sequences or event V, These sequences were ISLOCA. To accomplish this objective, a method-

characterized by the failure of MOVs and/or ology has been developed that is based on PRA,

check valves, and the rupture of low-pressute pip- human factors, and human reliability analysis
ing outside of the containment building. Some . (llRA) techniques. This methodology can be used ,

; event-V ISLOCAs were shown to be significant for the following:
contributors to risk because the rupture caused

Identify the risk contribution from bothcore damage, and fission products bypassed the *

containment and were discharged directly to hardware failures and human errors issues ,

the environment _. Subsequent probabilistic risk - and to develop recommendations for risk:

assessments (PRAs), including NUREG-1150 - reduction.2

. results for Surry and Sequoyah, have identified
Identify the effects of specific types of*ISLOCAs as important contributors to public

health risk; Researchers at Brookhaven National . human errors and their root causes, on

Laboratory have evaluated the vulnerability of - -lSLOCA risk.

- reactor designs to an ISLOCA and identified
Evaluate the fragility of low-pressere*

~ improvements that would reduce ISLOCA initia.
- tion fn:quency.3.4 systems exposed to high pressure, high-

_

.

. temperature reactor coolant. These evalua-
'

Recent events at several operating reactors tions include identification of likely failure
' have been identilied as precursors to an ISLOCA. locations and estimates of probabilities of
These events have raised questions about the pre- failure,
viously assumed frequency of occurrence, poten-
tialinitiators, and m.eans of identifying and . Identify and describe potential ISLOCA.

; mitigating this potential accident; suggesting that sequences including sequence timing, pos-
-the risk associated with an ISLOCA may be larger sible accident management strategies, and -
than' previously estimated and that additional the effects of possible ISLOCAs on other

.

. measures may be needed to prevent and/or con- equipment and systems.

E trol these accidents. In response to these ques-
Estimate the consequences associated withtions, a June 7,1989, memorandum," Request for e

j- . Office of Nuclear Regulatory Research (RES) . postulated ISLOCA events, including esti-

|- Support for Resolution of the JSLOCA Issue," mates of source terms and offsite conse-

|
was transmitted from Dr. Thomas E. Murley to quences. Again, important issues can be

L

|
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introduction

--ident fied and recommendations can be - _ _Section 2 of this report describes the meth-i

mr.de on possible consequence reduction odology developed to evaluate the effects of
. _

actions. an ISLOCA. Section 3 contains a description

~

-of the interfacing systems and the p .sible
The methodology developed to estimate the ISLOCA sequences for the B&W plant being

- core damage frequency (CDF) and risk associated examined. Section 4 describes the plant-
with an IS LOCA has been applied to three pressur. specific results from the assessment of ISLOCA
ired water reactors: a Babcock and WHeox (B&W) -at the B&W plant, and Section 5 contains the:

plant. a Westinghouse 4-loop ice condenser plant, observations and insights based on this
and a Combustion Engineering plant. This report assessment. Appendices A through M of this
describes the ISLOCA methodology and docu- report are used to document the details of many of

,

ments its application to the B&W plant, the evaluations.

?

-
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2. APPROACH

A methodology that is based on PRA, human the potential causes of ISLOCAs that have
factors, and human reliability analysis techniques occurred. This infonnation was used to identify
has been developed-for estimating the risk syd ms to be reviewed during the development
associated with an ISLOCA at an NPP. The steps of the events in the event trees, and for quanti-
in this individual plant methodology are illus- fication of the failure n.tes of some interfacing
trated in Figure 1. Subsections 2.1 through 2.8 system valves. Appendix A provides a br';' sum-
briefly discuss each of the steps. mary of the historical experience related to

ISLOCA events.

The first step in the development of this meth-
odology was a review of historical plant operating 2.1 Assess Polential For
information publicly available in the United ISLOCA
States This review included an identification and
evaluation of all of the Licensee Event Reports
(LERs) that (a) involved valve falhtres resulting The initial step in the individual plant evalua-

from either hardware or human causes or (b) indi- tion approach is to make a preliminary assess-
cated an ISLOCA had occurred. The results of ment of the potential for an ISLOCA. liardware
this review provided information on the causes and operating information on a wide range of
and frequencies of valve failures and provided low- and high-pressure interfacing systems must
important insights on the system > mvo ved and be collected. This required infonnation includesl

F tential ISt.CC A
~

Plant ISLOCA sequence
interfaces andsystem s and initiation prob.

operations gh"tbe **ti * *t" (itW/llNA}*
reviewed (ET s developed) f

. .

Component Local sy stem
press. fragilities pressures

calculated calculated

-/
Recovery and E stim ate timo ' '

mitigation to core d a m age Sy stem rupture
probabilities -

(i.n, ti m e avail. probabilities=

estimated for recovery) estimated

N
#

Core damage
Radioactive freq uen cy
source terms calculated

Sen sitivity |I
estimated (ETs quantified) % ISLOCA risk

_

calculated ~ a n alysis

/
/,

p

Condtttonal
con sequences Results and
calculated insl= hts

>
,

Figure 1. Approach for plant-specific evaluation of ISLOCA.

.
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plant procedures, piping and instrumentation dia- detailed information on maintenance and
grams (P&lDs), isometric drawings, training in-service test practices is required.
manuals, etc. This information must be reviewed

by the team of PRA and human factors specialists Factors that could influence plant personnel*

involved in the analysis. This review will allow performance as it relates to initiation,
them to become familiar with the systems and detection, prevention, or mitigation of an
operations that have the potential to initiate, pre. ISLOCA.
v:mta mitigate an ISLOCA. All systems that
inkrface with the reactor coolant system (RCS) 2.3 Develop Event Trees
must be identified. The maximum interfacing sys-
tem break size that will not result in core damage After specific plant infonnstion is collected, a

- must e determined. The interfacing systems are final list of interfaces and sequences is generated
then screened and categorized in terms of this and the detailed analysis begins, his analysis is
pipe size a3d the potential for containment performed through a joint effon of the PRA nad
bypass.The interfacing systems are screened human factors specialists. The sequences are
based on (a) systems with pipe sizes larger than a modeled using component level event trees that
specified maximum and (b) those systems that combine the hardware faults and the human errors

- could bypass the containment. The systems that that compose cach sequence. Genemlly the event
,

meet the screening criteria are analyzed further trees comprise three phases:
to identify potential ISLOCA initiators and
sequences. The identified sequences are devel. 1. The initiating events, which are those com-
oped in sufficient detail to guide a team of PRA binations of failures, both hardware and
and human factors specialists in obtaining human related, that result in a breach of the

detailed information during an extended plant pressure isolation boundary (PIS) and allow
visit. high-pressure RCS water to enter the lower

pressure interfacing system

2.2 Gather Detailed Plant- 2, The rupture events that identify the proba-
Specific Information bility of a nipture in the interfacing system

(sire and location)

An extended visit to the plant is necessary to
3. The past-rupture events that identify the

.

gather the information needed to complete the
acti ns and estimate the success of the con-review, development; and assessment of the can-

didate ISLOCA sequences. Members of the team tml mom operators h; recovering from an
that developed the candidate sequences will ISLOCA or m m,itigatmg its consequences.

gather the needed information by interviewing
operations personnel and analyzmg the systems 2.4 Estirnate Rupture Potential
of interest. The types of information that are
obt-Med during an extended visit melude detailed The performance of plant components that are

information on _ designed for low-pressure conditions and are
exposed to the high pressures associated with an
ISLOCA must be assessed. The methodology for

-liardware that could be involved in- *-
perfonning this assessment is as follows:

an ISLOCA (i.e., control valves, relief
, valves, piping, flanges, pumps, and heat An event tree model of each system is built.

exchangers). that will compare the estimated failure pres-
sure with the expected local system pressure

Procedures and guidelines imposed on plant for each important component. This model*

personnel during startup, normal power is constructed and input to the EVNTRE
operation, and shutdown of the plant. Also, computer code,5 which was developed for.

.
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2the NUREG-il50 prognun, for the assess- were calculated as well. In this respect, flanges
ment of complex event trees. exhibit a somewhat unique behavior in that there

are actually three failure pressmes of interest.
The failure probability of each piece of First, is the estimated gross leak pressure (GLP),*

equipment in the low-pressure rated system at which a measurable leak area appears. At lower
is described as a lognormal distribution with pressures (staning at some fraction of GLP, Px),
a specified median failure pressure and seepage around a gasket is possible but at very
standard deviation. small rates (measured in mg/sec). Once the GLP

is exceeded, the bolts in the flange begin to
The thermal-hydraulic behavior of the vari- stretch (elastically) and the ilange surfaces begine

ous eystems is calculated to estimate the to separate. At higher pressures (Po), the bolts
pre are distributions in the system based begin to yield plastically. At this point,large leak
on (a) the expected initiating event, (b) the areas begin to appear with corresponding large
initial primary system conditions, and leak rates. These three pressure sesions (between
(c) te expected performance of relief Pa and GLP, betweer. GLP and Po, and greater
valves designed to protect the systems. than Po) are associsted with three sizes of leaks:

spray leaks, sman leaks, and large leaks.
Each question in the event tree is answered*

by (a) nmdomly selecting a failure pressure 2.5 Perform Human Reliability
from the failure pressure distribution of the /4alySIS
appropriate component, and (b) comparing
the selected component failure pressure HRA was used to model the important human
with a selected system pressure. The system errors for each scenario in the B&W ISLOCA

- pressure is randomly selected based on the PRA. HRA is a methodological tool that im olves
expected operating conditions and assuming the quantitative analyrt s, prediction, and evasua-i
a normal distribution with an estimated tion of work-oriented human performance. HRA
mean and standard deviation. If the sampled can be used to detennine w hich factors in the sys-
component failure pressure is below the - tem lead to less-than-optimal human perfor.
sampled system prest,ure, the component is mance. As a diagnostic tool, HRA can estimate
assumed to have failed. Otherwise no failure the error rate anticipated for individuaftasks and
is assumed. Each component in the low- can determine where errors are likely to be most
pressure rated system is evaluated in this frequent.
manner untU al! questions in the event tree
have been examined. This proegss is The general methodological framework for the

| repeated appmximately 10,000 times in a ISLOCA HRA was devised using guidelines

j Monte Carlo simulationcThis sampling is (under development) from the NRC-sponsored

feasible because of the relatively small size Task Analysis-Linked Evaluation Technique
of the EVNTRE rnodel.5 (TALENT) Program,7 wh.ich recommends task

analyses, time-line analyses, and interface analy.

Once the simulation is completed, the out. ses as appropriate techniques for use in a detailed*

put is binned and the relative frequency of - HRA. NUREG/CR-1278, Handbook of Human
various equipment Sailures can be estimated Reliability Analysis with Emphasis on Nuclear
(if system overpressurization exists). Power Plant Applications [which discusses the

,

' techniques for human error rate prediction
The compotsmt and piping failure pressures (THERP)!,8 recommends similar techniques and

used for the B&W reference-plant rupture cal- provides a data base that can be used to generate
culations were developed usinj; an independent human error probabilities (HEPs). Finally, the
structural analysis. This analysic was performed ISLOCA HRA integrated the steps fmm the Sys- i
by Wesley et al? Not only scsc failure pressures tematic Human Action Reliability Procedure
calculated, but expected leak rates and leak areas (SHARP),9 and A Guide for General Principles

L:

!
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' of Humari Action Reliability Analysisfor Nuclear . sensitivitles, and estabiish unceisainty .
Power Generation Stations (the draft IEEE Stan- ranges (Sil ARP and IEEE P1082),910
dard P1082/D7).10- =!

10. Review results for completeness and rele-
'

1 This combination of approaches resulted in vance (IEEE P1082).10
1I basic steps to be followed in performing the
HRA. These eleven steps include the following: 11. - Document all information necessaiy to pro-

vide an audit trail and to make the infonna-
| 1, . Select and train the team on plant functions tion understandable (SHARP).9

and systems (IEEE P1082).10 I
Because most of the human actions in this

2. Familiarize the team with the plant (IEEE HRA involved the use of various normal, |
:P1082).10 abnomial, and emergency operating procedures, k

8TilERP type llRA event trees were used to
3. . Ensure that the many possible types of model most of the human actions in the detailed

human actions and interactions are con- analysist However, not all ISLOCA scenarios ,

sidered in the analysis (SilARP, IEEE _ were best represented by these TilERP event
P1082).9.to-- trees alone. In those cases, HRA fault trees wereU

used in conjunction with the typical TilERP
4. Build the initial plant model (model systems . event trees. Detailed analyses were conducted

.

and interactions)(IEEE P1082).10 using the fault trees and THERP event trees to |[
estimate the probability of human error for each

5. Identify and screen specific human actions. of the dominant human actions.
*

that are significant contributors to the safety
and operation of the plant. This was accom. These event trees traditionally model human

P plished through detailed task analyses, time. performance through the use of a diagram like that

line analyses, observations of operator shown in Figure 2, with operator error generally
performance, and . evaluations of thd human / placed along the descending right branches of the

machine interface _(Sil ARP_ and IEEE event tree and successful operator actions t
P1082).910 ~ sequenced on the left side of the tree. For ekample,

on the top left, event a (operators select RCS small.
- 6, Develop a detailed description of the impor-; leak procedure BW-OP-2522) is the success path.

Failute to accomplish this task is modeled as event ;tant human interactions and associated key..
A (operators falls to select small_ leak procedure). pfactors necessary to.make the plant model

complete. This should. include the key - When a second operator is i.nvolved, such as in
: failure modes, identification of errors of - event B (second operator fails to select smallleak"
: omission / commission, and review of rele- procedure); the action of this second operator may

. : vant performance shaping factors (SilARP) be modeled in a recovery branch, as shown in Fig-

(IEEE P1082).9.10 ~
~

ure 2. Since 'the second operator is in the control
room in this scenario, the operator also has an

7. - Select and apply the appropriate HRA_ tech- opportunity to select BW-OP 2522, the small leak
iniques for modeling the important human procedure. If successful, this becomes a recovery
Jactions (SHARP) 9 action because it would bring the model back to the;

! success path (via the dotted lines in Figure 2).
. . ,

t L 8; ' Evaluate the impact of significant human
actions identified in Step 6 (SilARP).9 Individual error branches on each of the HRA -

_
_

event trees (see Appendix E for details) were'

9.' _. Calculate probabilities for the various quantified using' techniques from THERP,
- . human actions and interactions, determine N U C L A R R.ll and~ engineering judgetuent. ;,

' NUREG/CR-5604 - 6
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a - operators select BW. A - operators fall to !

OP 2522 small select DW OP-2522
leak procedure

O rat B - 2nd operator
selects - - falls to select

W Eip' g BW OP 2522
C aerators fall to determine leakc - operators determine

leak by makeup / -y makeup / letdown mismatch
letdown mismate d 2nd

, g;ggjn, determine lenk by makeup-
Recovery letdown mismatch

e - Operators evaluate recent N E- Operators fall to evaluate recent plant
ev lutions to determine possible problemplant evolutions to de- f-2nd

rehent Operato F - 2nd operator f alls to evaluate recent plant
be to e valuates evoludons
test) Recovery

G - Operators fail to conclude ISLOCA
g - Operatcra conclude

ISLOCA based on b 2ndprior tasks Operat H -2nd operator f alls to conclude
conclude ISLOCA

NEd8/si9

Figure 2. IIRA event tree for IIDA2-MU (operators fail to diagnose ISLOCA).

Response times for systems and personnel- Specific human actions were assigned an estimate *

of a basic or~ unmodified IIEP. These basic HEP
Communication requirementsestimates were then revised using performance *

shaping factors (PSPs) to realistically describe
Determination of whether the operatorthe work process at the plant. Each PSF was *

either positive or negative and accordingly, either actions were skill, rule, or knowledge-based

- decreased or increased the likelihood of a given
Crew experience*

human error; For example, an analog meter, such
as a pressure gauge, which does not have easily Levels of operator stress in different*
seen limit marks, may be judged to have a nega.

scenanostive PSF, and there would be a higher probability
,

!- : for human error in reading the gauge. Individual Feedback from the systems in the plant*
PSFs were ~ derived from the task analyses, time-

i line analyses, evaluation of the human / machine Task ilependence and operator dependence*
interface, and direct observations of operator per-
formance..They are presented as part of the * I n ofIMMomol mwilig
ISLOCA Inspection Report. - building, etc.)

-

Specific PSFs that were investigated include -Training for individual operator actions*

.

including those required for ISLOCA
*' The quality of the human / machine interface situations.

Written procedures (cmergency, abnormal. Finally, all possible failure paths (i.e.,*

maintenance, etc.) sequences that included either single or multiple
human errors leading to a failure of the action

P&lDs modeled by the llRA tree) were identified and*

7 NUREG/CR-5604
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. : used to estimate the total failure probability for Both sets of analyses made use of quantita-e
'" - the action modeled in the lira tree, in accor- tive techniques and failure rate probabilities

_

idance with the TilERP guidelines. As depicted supplied by NUREG/CR-1278.8
by Figure 2, each human error event tree may
have several unique error paths; For example, The B&W IIRA for ISLOCA makes use of*

event A and event B' constitute an error path in a "multimethod" approach to llR A, incor-
which the first reactor operator _(RO) fails to porating IlCR quantification techniques, as
select B.W OP-2522, the small leak procedure well as N'ICLARR and THERP values for
(event A). This error action is followed by the deriving liEP estimates, The Sequoyah
fadute of a second RO to select the same proce. analysis made use of only one method,
dure (event B). In a similar manner, faihire path
A--b-C-D models a sequence where the RO fmis The B&W IIRA for ISLOCA suggests that*

to select the small leak pnycedure, the second RO IIRA (or THERP type) event trees can be
recovers from this entor by correctly selecting used in conjunction with 11R A fault trees to

_

BW-OP-2522 (event b)', only to have both ROs deve'op accurate models representing
fail at actions C and D, the steps that wodd deter. sequences of human error actions.

mine if there was a leak by comparing the rate of '

Both HR A analyses accounted for antic.makeup to the rate of letdown. Probanilities for e

each unique error path were calculated by multi, ipated stress levels in everyday work
plying each HEP on a given error path by'other envimaments.

HOPS on the same path. For example, the error
rate for path A-B would be calculated by multi, B th the Sequoyah and the ISLOCA IIR.As*

plying the HEP of failure A by that for failure B, used rates that were reflective of the ade<

resulting in a nominal llEP for that specific path. quacy of procedures ar.sociated with key
Other error paths for this event tree include A-t>_ mamtenang and operations actions. Both
c-E-F, a-e-E-F, and a-C-D, etc. The individual studies identified human actions at the faulti
error path failure probabilities were then summed arti event tree level. Section 4.8-2 of the

,

to give the total event tree failure probability. Sequoyah PRA notes that "all errors identi- -

Comprehensive details of this process are fied were errors of omission."l3 Errors
provided in Appendix D and Appendix E for identified in the llRA for ISLOCA went
each event, and the results are summarized in beyond this and quantified various errors of

Section 4.2.- . c mmission (see Appendix E).

Both sets of analyses postulated human*

Comparisons were made between the ISLOCA action scenarios involving valve restoration
HRA methodology and other recent PRA/HRA after maintenance or inservice test. The
efforts. Specifically, the llRA for Sequoyah Sequoyah analysis looked at miscalibration
Unit-1,13 one of the five plants selected as part of errors as contributing to core meP prob-
the NUREG-ll50 effort.2 was used. Although: abilities. This type of error did not figure
Sequoyah is a Westinghouse plant and not a as prominently f c the B&W ISLOCA
.B&W plant, the HRA techniques are independent scenarios where improper valve lineups
of the plant type. Sequoyah was chosen because it dominated;

is' typical of the latest generation of NRC-
Valve misposition errors were of omissionsponsored PRAs. The following observations are e

based on this comparison: type'only in the Sequoyah analyses, both
cmission and commission errors were
accounted for in the B&W HRA.

Both the B&W ISLOCA and Sequoyahe-

HRA analyses identified latent human In the Sequoyah analysis, errors were

errors. assessed to be insignificant if valve position

- NUREG/CR-5604 - 8
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was annunciated in the cont room. For simulation (as in the case of the rupture probabili-*

one ISLOCA scenario, there is no anmmci- ties)is tequired. The event tree is the mechanism

ation available for HP-27 and IIP-29 (local- by which all the individual calculations and
manually operated valves), estimates are integrated into the ISLOCA model.

Upon generating an estimate for each of the
Fet analysis of post initiator operator individual events in the event tree (includinge

actions, the Sequoyah analysis made use of accounting for dependencies and conditional
emergency contingency action ( ECA) proce. events), the ISLOCA sequences and scenarios are

dures for Westinghouse plants. Furthermore, quantified. For this panicular phase of the B&W
as part of the ground rules, it was assumed reference-plant analysis, the ETA Il PC-based
that operators would read each step in the computer program was used.15

appropriate procedure and then perfonn that
,
'

step properly. At the reference B&W plant. 2.7 Consequences
there are no ISLOCA procedures available,
and it is assumed, until data are discovered to The fommlation of the consequence methodol-

the contrary, that there is an inherent ogy was guided by the objective to identify issues

background error rate in the reading and and concems generic to the entire industry. This

execution of procedures. objective precluded the performance of a site-
specific ISLOCA consequence analysis for tbc

The B&WISLOCA HRA incomorated PSFs reference B&W unit. An appropriate conse-.

into the quantification of IIEPs and did an quence assessment therefore was based on the

uncertainty analysis for each IIEP using demographics of an average plant site and a

Integrated Reliability and Risk Analysis source term from a " generic *' B&W unit.

System (IRRAS).M In a'.dition, the B&W
IIRA for ISLOCA presents a sensitivity The demographics of the plant site are needed

analysis for the case where performance m p- vide an estimate of the consequences of an
ISLOCA. The demographic information used inshaping factors weir optimized.
the consequence assessment of the ISLOCA meth-
odology is selected to provide a normalized basis

The findings clearly show that there were simi-
f r estimating the risk at a number of different

latities and diffnences between the ISLOCA and
[ ants.Thedetailsonhowthisisaccomplished are

Sequoyah HRA. Although there were similarities,
desenbed in Appendix I. In general, the nomiah

such as the me of NUREG/CR-1278 quantitative
ized consequences basis is developed by forming8 the differencestechniques and stress levels
a nation-w' werage site. This average site was

I between the analyses suggest that the B&W
Manddevelope 2 sing the Sandia Siting StudyISLOCA HRA is more comprehensive than the

the wen .eighted population densities for all
Sequoyah HRA and extends +urrent HRA efforts

the doc :nted sites The average population
in providing IIEP estimates i v certain errors of

density A s then compared to the five sites studied
commission.

in the NUREG-il50 program.* Ultimately, the
Surry plant site was chosen because it most closely

2.6 Quantify Event Trees matched the average population density. The nor-
malization of risk to an average site's population

After the likely sequences are identified and is an approach that should facilitate the drawing of
corresponding event trees developed, each indi- generic conclusions.
vidual event in the event tree is quantified. These
event quantifications took many forms, depend- A generic source term was also formulated for -

,
ing on the event itself. In some instances, a single the ISLOCA B&W analysis.The source term was

L failure rate estimate is most appropriate (e.g., for developed by comparing the B&W unit being
a single valve failure event). In others a very com- analyzed m this study to other B&W units that
plicated model development with Monte Carlo have reported ISLOCA source terms. As a result

9 N UREG/CR-5604
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of these comparisons, the ISLOCA source tenm The risk auociated with the ISLOCA
piofile (e.g., radionuclide release fractions) from sequences we estimated after the esent trees are
the Oconee plant were utillied.D The source tenn quantified and Ihey are combined with the
was then developed using these release fractions appropriate consequence estimates. The conse-
and the radianueUde inventory of the Oconee quences estimates can be calculated using a code

_ plant scaled to the ieference plant of this study. such as MELCOR Accident Consequence Code
Tb4 radionuclide inventory scaling was accom- System (M ACCS))0
plished by a multiple of the ratio of the powers of
the two different units. 2.8 Sensitivity Studied

A number of ISI.OCA issues are examined
The sour (c term that wer developed for the through sensitivity studies. These sensitivityi

i Oconee .lSLOCA sequence was developd about studies are uwd to awss an issue's relatin influ.
ten years ago. This source tenn was based on data ence on CDF and risk. ISLOCA issues can be
and calculational tools developed in the early telated to the methods used to perfotm the evalua-
1980s.- Since that time, there have been exper- tions as well as uncertainties in the :stimated
imental programs c,tarviken. LACE, ACEllA19 parameters. For the initial plant evaluaticns,
implememed to better understand the transport issues were chown because (a) there was a rela-
and deposition of fission products in ISLOCA Ilvely large uncertainly in the values used for a
conditions.The resuks of these experiments indi- particular panuneter,(b) a potential fix was postu -
cate that the source term used in the Oconee lated that was expected to result in a significant
aswssmer.: is somewhat conservative. The LACE reduction in CDF and risk, or (c) a different
experiments indicated decontamination factors means of establishing probabilities was being
(DFs)in the range of 5 (for nonbydroscopic mate- considered, which could be uwd for evaluation of
rial) to 50 (for hydroscopie rnaleri.ti). These future plants. The complete PRA nmdel was used,

expeni. ental DFs rire higher than that used in the for this re-evaluation process. This not only pro-
original Oconee ISLOCA A eessment. As a result, vided an accurate estimate of the importance of
the 30erce term used in ehti generic ISLOCA risk (i.e., its influence on the CDF) but also gave
aswssment will likely provide a high estimate to an estimate of the importance of the models and
the risk of this accident sequence, modeling assumptions.

y
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3. DESCRIPTION OF THE B&W REFERENCE PLANT
INTERFACING SYSTEMS

The 11&W reference plant modeled in this A-line between the two check valves and the ;

generic assessment began s ommercial oper-bm nonnally closed MOV dlP 2A) ;

in the late 1970s. The interfacing syuems of this
unit were used as part of this study. This ref. 3.2 Possible ISLOCA
cAed B&W wactor is designed for a core power SOquenCOslevel of 2,772 31W(t) and a net electrical output
of 906 MW(c'.

Ily examining system inte faces and plant

3.1 Interfacing Systems operafimal infonnation. PR A and human ractors
specialists developed pouihle ISLOCA interf ace

All interf acing systems were reviewed to iden- sequencet la nome cases (i.e. the 1.Pl linesh the

tify thme systens that required further evaluation. sequences are strictly hardware driven; that is, the
ISLOCA potential is a function of the hafdware

Screening en etia dietatei that an interfacing pipe
failure rates of the PlH vrdves. In other cases (i.e.,

site larger than 1 in, would be evaluated. The dis-
the DHR letdo n hnesh the pouible ISLOCAcharge from a high pressure,1 in. pipe tceak, is

about 200 gpm. Leak rates outside of the contain- sequenm are m Hated by human enors. Table i

ment that exceed 200 rpm ma,, be risk significant sunun rim the ISLOCA sequences identified for

because (a) the capacity of the borated water stor- the H&W plant analysis,

age tank (llWST) at the reference H&W plant is -
approximately 4h0.000 gal,(b) the c.apacity of a 3.2.1 LPl Sequences Only a single ISI OCA

single RCS makeup pump is 150 gpm,(c) the not, sequence was identified for the I.Pl interface,
llecause of the abe 'ce of routine operationsmal makeup rate to the BWST is 150 ppm, and

system, this sequenceassociated witb + 1 i(d) conservative estimates indicate that it would
take approximately 10 hours for the plant to emnprises tb hardware related check

r.chieve cold shutdown. valve failur. .,e.racteri/c the clanical
V-sequence

T;.e screening review also suggested that the
high-pressure injection (HPI) discharge lines, the 0,2.2 DHR Sequences. The DilR system is
low pressure injection (LPI) discharge lines, and - used for removing core decay heat w hen the plant

the decay heat removal (DilR) letdown lines operates in shutdown modes 4 or5 This system is

required further evaluation. Figure 3 is a sche- connected to one of the RCS hot legs with a 12 in.

matic diagnm showing the hardware configura- pipe, which is isolated by two 12 in, motor-
tion of the HPl system and Figuie 4 provides operated gate valves in series (DH 12 and

l' similar information for the DHR/LPI sy. DH ll).There is also an 8-in. line taat bypanes-

! Additional details on these systems are p . Dil-ll and Dil-12, it has two local, manually-.

Appendix C. The llPI interface cr,my. s four operated gate valvey,in series, which are not|

L separate reactor pressure vessel (RPV) injection instrumented in any way.

| lines. Staning from the RPV, each injection line
contain s two check valves that are welded together There are two possible ISLOCA sequences:

'(hence they cannot be individually leak testedh a (a) the premature opening of the DilR letdown
normally closed MOV, and the HPI pump dis- line while the plant is in thiprocess of shutdowr,
charge check valve. The four lines are identified but not yet in the operating range of the DHR sys-
by the associated MOV, namely HP-2A (3,C. D). tem (i.e., the RCS pressures and temperr6mes are

The llP! A-line is also used for normal RCS above approximately 300 psi and 300*F), and
makeup by the makeup and purification system (b) leaving the DilR letdown line open after the

-(MO& P). The MU&P sptem connects to the llPI Di!R operating pressure limit has been exceeded

11 NUREG/CR-%04
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Description of the Il&W Reference Plant laterfacing Systeins
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Description of the ll&W Reference Plant Interfacing Systems

i

Table 1. List of ISLOCA interface sequences. |
,

|
Interface system Sequence desenption Sequence ID

|

LPI (two lines) llam' ware failure ofiwo check valves I.Pl

DilR letdown Prematme opening of letdown h10Vs during shutdown DilR SD
(shutdown) ;

DilR lehtow n ' Star 1up with letdown htOW left open DilR SU !
(Stittlup)

.

IIPI (11, C, and liardware failure of two check valves and stroke test of MOV llPI |
D legs)

'

ilPl (A-leg) Stroke test of IIP-2A and failure on two check valves h1U&P
-. ,

:

during plant stanup. In both situations, the DilR properly seated;it is possible that one of the ;
system is exposed to high-pressure reactor coolaint valves might be improperly seated because :
that could result in the ruptare of some low- of improper installation or ma:ntenatwe.

~

pressure rated componena,
The nonnally closed ilPI-hlOVs (llP-2 A, II,*

3.2.3 HPl Sequences, During most operating C, and D) are stroke tested quarterly. When ,

modes, the htUAP system provides cleanup of the llP1 A-header valve O!P-2A) is . stroke :
the RCS water and seal injection to the reactor tested, the MU&P system continues ,to pro- |
coolant pumps. He nonnal makeup flows from vide RCS makeup through that line. When !
the MU&P system through the llPI A header via llP 2A is opened, high pressuie makeup :
check valves llP-57 and ilP 59. water backflows to the llPI pump discharge .

check valve (HP-23). Once the test is com. >

Several features of the reference plant ilPI pleted, the MOV is closed, and the llPI line ,

interface create the potential for un ISLOCA is vented to the pump iccirculation line
related scenario, Thet.e features are as follows: between vahes llP-29 and llP 1556. The '

'

latter vah c remains closed during this proce-
. The llPI pressure isolation check valves in dure. llowever, this same recirculation line ls*

each injection line OIP 57/59. IIP-56/58, opened to the IlWST for the quarterly llPl.
IIP 48/50, and llP 49/51) aie welded pump flow test. This process presents an
together, This arrangement prevents leak opportunity for misaligning the recirculation -
testing each valve individually. Therefore, a line after the pump test, and/or llP-2A after
successful leak test does not necessarily the stroke test, pmsibly allowing RCS water
confirm that both of the check valves are to backflow to the llWST.

' NUREG/CR-56M 14
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4. D&W REFERENCE PLANT RESULTS

A detailed underst.mding of the capabdities of splem i at the teleience lla W plant are turanged

the plant hardware and penonnel is needed to with all A train ECCS equipment in one room

accurately estimate the probability and conse- and all the H nain equipment in a second room.

quernes of an ISLOCA because of the specific floweser, this specinc design does not preclude

nature of the s atious sequencet Although the the posdble propagation of a sescie ISI OCA
1% W llWST ins entory is normally maintained at ensironment to the redundant equipment. It does,

appraint.itely Al),000 gal, a small ISif)C A howeser, make it leu hLely to occur than d the

(equivalent to a 2 in hne) would resuh in an initial trams wcie nu separated.

leak rate of about 1.l00 ppm. Itas leak rate woWd
One resuh of the pl.mt u.nc) indicates that

deplete the BWST in abeut 8 houn. This depie.
Orte are two design astuts of the !)llR sptem

tion time is itu than the 10 houn it take s to ac hie s e
that could talluence an induced f cilure of the DIIRcold shutdow n.Other postulated twtures.partieu.
rednndat>t u ain. These tw o uspec ts ate t a l this spe-

larly those awociated with the DHR spiem, can
resuh 3nmuchiargedealaye rates Howevci,il the vdic 14W deugn ira.ludes a single DilR letdow n

Une bom the RCS, which betones low prewute
supture is idated in a urnely nuume .nti the leat

tak d io Mately aher the second preuute isota-is terminateddhe plant can be sately ( ooted dow n
tion s ah. .e.. Dil 11L and ilo both DHR heatusing the amih.tr) feed * ater t AFW) splem and
eu hangen are locatcd side by+ide in the same

steam generaton (SG).
room (Room i131.

liefore discuuing the individual event tien TW lowpem tw doumem W DWII
des eloped for the IWW plant some gene.al c om- M hed a om M dn hLdy mpre loa.
mente, apphcable to all the postulated ISLOCA n hdme W thi . leWe line w odd tMdme,

sequencn are prodded. Durin, the course of the die WI DHR cdy 'lh WMwwe h-
plant visit. patlicular attention w;as paid to the cm fait either inside or outdde the contairunent.
issue of local environmental cfIects resulting if h b,al m m mm iWde du comimnem
f rom ruptures in the interfacing sysumt Because ad if the break was not isolated, low-pressure
of the probabilistic nature of the calculation' M Wson hom duominum emodd W
definitis e rupture locations can not be pinpoimed. dMM If k bd me M td er
Theref ore a peneral suncy w as made of the inter- culation would be unnecessan unless heat'

facing system flow paths to qualuatively estimate o M by the sicam generators could not be
the impact of ruptures on equipment in vaiious inaintained or re-established. In the event that
locations.This survey indaded walkdowns of the cmW m nm wMbW da k en mm
emergency core cooling systenn (ECCS) to tm it would be neceuary to use leed and bleed
esamine the most likely break hications why deu@ dw pwmopend idief vMw

(PORV). llecause of the dilferent and diverse
This analysi made the auumption that all paths of powible coolant injection, failme of the

equipment in the compartment w here a postulated tow.piessure line inside the containment does not
ISLOCA rapture occurs will be tendered unavail- significantly influence the risk of the ISLOCA
able for use in isolating / mitigating the ISLOCA. sequence. For the purpot.c of understanding the
Equipment in compartments judged to be can- tbl profde of the ISLOCA sequences, the failure
didate locations for an ISLOCA break was inven- of this line is auumed to be autside of the
toried as a result. The plant survey did not s erify containment.
the auumption that the ECCS are adequately
separated. This verification wai, performed ana- The :cond area of interest with respect to

lytically. Adequate separation is required to equipment location and redundancy lies with the

ensure that any postulated ISLOCA ruptme DHR heat eschangers.The DUR hea eschangers

would not affect redundam trains. The ECCS were idemihed as likely rupture locatiots for the

15 NUREG/CR .%N
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il&W Reference Plant Results

DilR and LPI ISLOCA scouences.1:or this refer- the DH R leidow n isolation s ah es (Dil-11 and 12 )
enced it&W plant, both DilR heat eschangers are are not likely to operate above approximately
located in the same room. Although the heat 1,900 psid (the operability threshold). The vahe
exchangers themselves would probably not testing program is still ongoing. and some possibly
degrade in a harsh emironment, there are some conservative assumptions were made concerning
air-operated bypass and isolation valves that may disc hietion factors and the differential pressure
not survive the harsh envirot. ment that is likely across the valve. Therefore, the 1,900 psid oper-
during an ISLOCA. *lherefore,if one of the heat ability threshold was not factored into the
eschangers fails, subsequent failure of the other is ISLOCA analysis.
likely, llowever, pnmary sy stem heat removal is
still possible under these ISLOCA conditions (Note: Preventing the s alve from being prema-

,

through the steam pnerators using *be power tur-ly opened abm e 1,9(K) psid would only affect .f

conversion system the initiation of the DilR shutdown sequence
thereby reducing the system large rupture proba-
bility from 0.11310 0.111. Also, once the pressure

The plant purvey described above was not able boundary is brer.shed, the primary system begim
to d:ternune if environrr ental conditions resuhing to Now&wn, resulting (after a period of time)in
hom an ISLOCA sequence would cause failure of

a reduction of the effective delta P across the
1 r(dundant ECCS trains. This issue of common valve. Comequenti), for the valves examined in

cause failure induced by ISLOCA environmental
these analyses,it is assumed that if a valve is able

conditions was addressed separately through
RELAPSU and CONTAIN" calculation . For the

to open,it too will be strong enough to close lhis
assumption in some cases may not be consistent

reference ll&W plant of thh study,it was deter-
with the original valve design specification. The

mined that high temperature and humidity result- ygyy.s desip information indicates that the
ing from an ISLOCA would not be likely to cause

valves may be able to open at high pressure, but
equipment failure in the separate and redundant

they may not be able to reclose at pressures above
ECCS train. This was the result of the lack m) m MX) pli This design information differs
of superheating of the auxiliary building's

from the new experimental data and calculations
atmosphere and the qualification of the ECCS

described in Appendix C.The signincance of this
equipment for high-energy line break conditions.

potentialinability to reclose the valve depends on
Ih.oding, however, was identitied as a potential

the actual pressure at the time of the ISLOCA and
common cause failure mechanism.

on the differential pressure during the blowdown
following the upture. llecause of the relatively

The NRCis sponsoring a valve testing program low probability assessed for entry into DilR at
at the Idaho National Engineering Laboratory very high pressure and the likelihood that the
(INEL) as pan of the resolution of Generic issue pressure would be reduced subsequent to the
87. " Failure of liPCI Steam Line Without Isola- break in the DilR system, the effects of this
tion "U Preliminary results from this program inability to reclose the valve at high pre.ssure are
indicate that the standant calculations performed minimal.1
by industry for sir.ing motor-driven valve openi-
tors might underpredict the force required to open 4.1 Component and System
and close MOVs during severe break flows. Each Rupture Probabilities
of the reference plant's pressure isolation valves
was evaluated using the rest.lts of the preliminary An important part of quantifying the ISLO'M
valve testing work. The results of these analyses sequences is the estimation of the rupture p.&
aredocumentedin Appendix C SectionC3.The abilities and likely failure loca' ions for the
program researchers concluded that the ref ereace interfacing systems exposed to an overpressure
plant's ilPl und LPl isolation valves [IlP-2A(ll, C, condition. Once the most likely accident
Dh and Dil-I A(II)], will operate at any RCS pres- sequenem were identified, those portions of
sure likely to occur during an ISLOCA. Ilowever, systems being overpressurized were identified and

NUREG/CR 56W 16
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H&W Reference Plant Resuhs

analyred to calculate the probability of a mpture. of seseral random variables 1he central limit
The basic process invoh ed the following: ta) esti- theerem states that this type of aggregate tends to
mating the pressure capacities for the components belognonnalregardlessof theirdiddualdistribu-
in the interfacing i,ystem, (b) estimating the local tions. Lastly, the pressure c apacities aie calculated

system pressure penerated in the interfacing auuming quasi static pressure and temperatme
system an a result of an ISI OCA sequence, and conditions. This is based on runs of RELAPS .

(c) comt4ning these two es'imates in a stress / models of the interfacing systems.These REL APS
strength comparison to calculate a rupture proba- models calcul:te the hical system pteume histo- '

bility for tmth the individual components and the rics af ter the pressure isolation boundary has Iwn
entim interfacing system. violated.

,

Each ISLOCA sequence was examinea and the All major components in the intarfacing sys-
interfacing system reviewed to identify the tems wne evaluated.1his included pipes tall of

'
equipment and subsystems exposed to pressures which are stainless steel), tank % vesseh, heat

higher than their rated pressures. The cstimation exchangers, flanges, vahes (both packing and
of realistic rupture preuures for the fluid system bo'ted bonnets), and pumps (both the seals and

components that compose the hiterfacing systems the casing).

was performed in a separate analysis by Wesley
et al.6 Tne ISLOCA sequences identifica for the

BkW plant co nprise luth the llPI and the DilR/

The Wesley et al, results, the local system LPl systems. The components in these systems

pressure estimates, and the rupture probability were evaluated and the median failure pressures

calculations are described below, calculated, along with the uncertainly in the
failure pressure estimate. The results from this ,

4.i.1 Pressure Frap.lity Calculations, This analysis are presented in Tables 2 and 3.8

section briefly summarires the work perfonned byi

I Wesley et al in support of the ISLOCA analysis. Given a pressure capacity estimate and a mea.

The purpose of this work is threefold:(a) develey sure of the uncertainty in that estimate, it is (ms-

a methodology to assess the pressure capacity of sible to calculate the failure (i.e., rupture)

fluid systems when subject to high pressure and pmbability for any internal pressure.1 he calcula-

high-temperature reactor coolant, (b) determine tion is analogous to that perfonned for seismic
induced failure.38Specifically,the probability thatthe leak or rupture pressure capacity and

associated uncertainty for interfacing system com, the actual failure pressure is below the internal

ponents, and (c) identify the likely leak rates and pressure is calculated by standarditing the failure

leak areas when a rupture is predicted. pressure random variable and calculating the
value of the standard nonnal(Gaussian) function.

du 0 pipe,the' # * "* P ' I"' " I "'. scThe methodology is described in frenurc
6 median failure pressure is 1,660 psig, aed the

Dcrendent fragl/iries fhr Piping Components
and will not be Aliscussed here, except to identify

unmtaintdexprewed as a logarithmic standard
"U,"""' " "d"'# PO" Isome of the basic assumptions made, Foremost is

"

at phe yMn an ininnal prenum M
the intention to generate realistic pressure capaci-

NE' b #*P'# "*
ties. This requirement prompts the use of actual

*

material properties and test data rather than code.
Prob (Pr<PJ = $((i N(P,)-(N(P('))/0)'

or desi n specifications. The pressure capacity ofF

an individual companent is assurued to be a log-
nonnal random variable A lognormaldistribution Pmb(Pr<2,E) = $(((N(2,100)-(N(l,660))

is used because it has ,goven to be a valid descrip- /0.36)

tion of material properties. Tim pressure capacity
can also be expressed as the product and quotient Prob (Pg<2,100) n $@65) m 0.742 (1)

17 NUREG/CR-5604
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B&W Reference Plant Results -

!

,
.

Table 2. Pressure fragilities of IIPI conymnents.

,

Median |
failure l>>garithmic

pressure Lopatithmic standard
Component Description (psi) nean deviation

llCC-91 3 in, pipe, schedule IOS 2,712 7.905 0.36
'

IT IIP 4 3 in.150 psi flow element 953 6.862 0.N

llP 33 3 in. swing check valve 5,507 8.614 -

P58 2 IlPI pump l 2 2,250 7.719 0.25

G011-4 6-in. pipe, schedule 10S 1,644 7.405 0.36

6GCB4a 6-in. 300 psi Gange-a 2,362 7.767 0.12

6GCD4b 6-in. 300 psi llange b 2,362 7.767 0.12

IIP 13 6-in. 300 psi local manual 2,170 7.682 0.25
~

valve

GCB-2 4 in pipe, schedule 10S 2.075 7.638 0.36

GCll 11 4-in. pipe, schedule IOS 2,075 7.638 0.36

i2 Table 3. Pressure fragilities of DilR/LPl components.

Median
failure Logarithmic

pressure Logarithmic standard
Component Description (psi) mean deviation

| GCB 7 .12-in. pipe, schedule 20' 1,660 7.415 0.36
t

| Dil-1517 12-in. motor operated gate 1,704 7.441 0.20
valve,300 psi -

GCB8 I8-in. pipe, schedule 20 1,488 7.305 0.36

Dil-2733 .18-in. motor operated gate 2,277 7.731 0.20

L valve,300 .,i

| IICB 1 18 in. pipe, schedule 10S 843 6.737 0.36

L llCB 1. 14 in. pipe, schedule 10S 1,090 6.994- 0.36

Dil-81 14-in. swing disk check valve, 1,445 7.276 0.20
150 psi

1.7-GCB 8 Pipe, schedule 20 1,660 7.415 0.36

NUREG/CR-$604 18
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il&W ik ference I'lant Results

Table 3, (continued).

Median
failure lhgarithnne j

pressure logarithmic standard j

deviatin jComponent Description (psi) mean

|
12GCBa Flange,300 psi 2,250 7,719 ai2 ;

12GCBb - Flange,300 psi 2,250 7.719 0.12

:

12GCile Flange,300 psi 2,250 7.719 0,12

P42-1 Dlik pump 1-1 2,250 7.719 0.20

GCibi . ' 10-in. pipe, schedule 20 1,984 7.593 0.36

1OGCB1a 10-in. flange. 300 psi 2.485 7.8 I 8 0. I 2

Dil43 10-in. swing disk check valve, 2,016 7.609 0.20
300 psi ;

Dil45 10-in. hand wheel-operated 2,170 7.682 0.2r

globe valve,300 psi

E271T DilR heat exchanger tube 432 '6.068 0...

sheet :

L E271P DifR heat exchanger plastic 1.030 6.937 0.23

L collapse

E27tC DilR heat exchanger cylinder 1,630 7.396 0.27

rupture
.

E271A DilR heat exchanger 2,030 7.616 0.23 ,.

asytnmeirie head buckling

E271a 10-in out-f,300 psi 2,485 7.8 I8 0.12
o

~r
E271b - 10-in. in-f,300 psi 2,485 ' 7.818 0.12-

GCD-10 6 in. pipe, schedule 10S 1,58$ .7.368 0.36

- GCB-10 10-in. pipe, schedule 20 1.984 7.593 0.36 *

GCB-10 - 8 in. pipe, schedule 20 - 2,503 7.825 0.36- ,

.Dil128 - li in. swing disk check valve, 1,242 7.124 0.20

300 psi

G Cil 2 4-in. pipe, schedule 10S 2.075 7.638 0.36

FE-Dil23 10-in. flow clement,300 psi 2,485 7.818 0.12
,
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where state pressure drop through the DilR, as a function
of RCS pressure.The effect of the relief valves in

Pr actual failure pressure the DilR system produces a maximum pressure=

drop of from 2,200 psi to about 1,400 psi for cer-
Pi = h> cal-intemal pressure tain portions m be >ystem. Figure 6 shows the

time-dependent pressure at varioas points in the

P/ median estimated failure DilR system for an RCh pressure of 2,200 psi.=
3

pressure lloth of these g uphs do not include the effect of |

any ruptures in the system, only the existing relief '

logarithmic standard deviation of V" IVC 5-p =
,

Pg blandard deviation of the cor-
responding normal distribution 4,1.3 HPl Sequences Hupture Probability,
of Pr, i.e., standard deviation of Although they are different in their initiation and
(N(Pg)] sequence frequencies, the two itPI sequences -

(identified as llPI and MU&P elsewhere in this ,

standard normal (Gaussian) report) are basically identical with respect to the$() =

function local system pressures generated and the
,

expected response of the system components.

(N( ) = ' natural logarithm. !
The llPI ISLOCA sequence is initiated by the

4.1.2 Estimating Local System Pressures. stroke test of the llPIinjection valve (llP.2B/C/D,
Ilecause the interfacing systems contain either see Figure 3)in conjunction with the existing leak- ;
relief valves or are open-ended (i.e., connected to age of the pressure isolation check valves
the BWST, which is vented to the atmosphere), (IIP-56/58, llP 48/50, and IlP-49/51). Ilowever,
exposing them to the high; pressure RCS results in in order to threaten lower pressure-rated equip, ;

now through the system (even before any rupture s ment, additional failures are required. Specifi-
' becur). Consequently, the pressure drops (some- cally, either the llPl pump discharge ebek valve

.

- times significantly) for components further away (llP 23/22) must fail Io close or the vent line to the ~I

from the RCS. Estimating the intemal pressures llWST must be inadvenently left open (llP-27/26 -

prod' iced in 'Ihe interfacing - systems was and ilP.29). Rese two additional failures !ead to
performed by building and running RELAp3 the identification et o specific mpture sceaar- *

models of the interfacing sptems. Each of the five ios, w hich are characterized by an overpressure in ,

ISLOCA sequences postula'ted (two llPl and three the llPI pump suction line or in the U_WST vent
.DliR/LPI)'was represented with a RELAP5 linc. These two scenarios werc eveluated by build.
modeliOnly the interfacing system was nuxleled ing and nmning a RELAPS model to estimate the

in detail._The boundary paremeters (i.e., RCS ' h> cal system pressures generated by an ISLOCA

conditions) were modeled as a constant pressure sequence. '

and temperature. Th!s simplification is only
.

I,

_

slightly conservative because of the rapid pressur- The BWST ventoine scenario results in RCS .

intion of the interfacing system once the pressure wates backDowing through the llPIinjection line,
isolation valves begin to open. The pressure in the _ to the llP! full-flow recirculation line, and into
interfacing system reaches equilibrium within' - the BWST. The recirculation line contains an
approximately 5 to 7 seconds. The pn s>ure reduc- orifice (RO-IIPI) that is designed to restrict finw

; tion of the' primary system resulting from the to the equivalent of one llPI pump (i.e., about
blowdown of the primary system during this time 500 gpm). Modeling this flowpath using
is likely to be on the order of 200 to 300 psi. This RELAP5. and assuming that the scenario was ini-

"

pressure reduction will have only a small impact tiated by opening the injection MOV (opening
on the potential for failure of an interfacing. time 10 seconds and check valves stuck in full
systems component. Figure 5 shows the steady- open position), produced a hwal system pressure

NUREG/CR-5604 20
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Figure 5. Pressure drop through DilR system as a function of RCS pressure,

estimate of 650 psig on the BWST side of the The LPI sequence is postulated to e' or at full
~

restricting orifice RO.IIPl. RCS operating pressure (about 2,2t , psi) and
temperature (about 60TF). At these conditions,

4.1.4 DHR/LPI Sequences Rupture Proba- the LPI system is rssumed to rupture with a prob-
bility. Three sequences compose the DilR/LPI ability of one. (The CFF scenario is considered
category: (a) DilR-shutdown (SD), (b) DilR- separately, see description in Appendix D). The
startup (SU), and (c) LPI sequences. While each DilR-SU sequence is postulated to occur such
involves some unique features concerning their that the operaters have an opportunity to resover
initiation and frequencies, they all result in an the sequence before rupturing the DHR system.
overpressure in the DilR/LPI system (the same Therefore, by defm' ition, the DilR-SU sequence
system is used for both DilR and LPI operations). " initiation" is assumed to progress to the point
Therefore, even though some differences exist in where a rupture occurs, which results in an elfec-
the postulated RCS conditions for each sequence, tive rupture probability of one. Only in the
the assumption is made that these sequences DilR-SU sequence is there uncertainty about the
result in the overpressure of the same compo- rupture prob'bility of the DilR system when sub-
nents. One small exception to this lies in the LPI ject to an overpressure situation. This results from
sequence, where the core thod tank (CIT) sce- the unecrtainty in the RCS pressure at the time of
nario results in the overpressure of the CIT (see the premature opening of the DilR letdown isola-
LPI event tree for more information). tion valves. Specifically, it is difficult to support a
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Figure 6. DilR system pressure response to DilR-SD ISI.OCA.

prediction of the RCS pressure at w hich the opera- values) along with an average failure probability
tors might inappropriately ti.e.. prematurely) enter (i.e., averaged over RCS pressures from 300 to
into DilR cooling. Consequently, a method was 2,200 psi).
used to weight the pressure-dependent system
rupture probabilities based on the llEP (w hich was 4.2 Human Rellability Analysis
also assumed to be a function of the RLS pressure)
of prematurely opening tue DilR letdown MOVs
(D11-11 and DH 12).This was done by developing 4.2.1 Introduction and O*.nview. This sec-
a discrete probability distribution for the llEP for tion summarizes the results of the ISLOCA IIRA
premature opening of the DilR isolation valves. efforts. Appendii E provides detailed informa-
This RCS-pressure dependent probability density tion regarding IIR A lault trees, event trees.
is shown in Figure 7 (this is not the llEP but a tabulated llEP values,an ' diseassions of the llR A

probability density function of the llEP (i.e., a process, llEPs presented as part of the llR A analy-

probability of a frequency)]. Figure 8 displays the sis are c:,timates based upon contemporary n dels
aggregated sys:em rupture probabilities (for large and quantitative techniques. As in any llRA tnese
ruptures, small leaks and no failures) for the llEPs are not intended io stand alone since they are

DilR/LPI system as a function of RCS pressure multiplied by hardware failure uncertainties in
(not local system pu ;sure). Table 4 lists the calculations for CDFs. Therefore, individual

,

| individual component failure pressures (median llEPs should not be used in isolation since they
|
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Figure 7. Probability density function of the llEP of prematurely entering DilR cooling.

must be considered in the context 01 a specific emergency operating procedures, TilERP-type
scenario, as well as the hardware failure infomia- IIRA event trees were chosen for modelinp most

tion contained within this report. of thehumanactionsinthedetailedanalysis liow-
ever, in several ISLOCA scenarios, llRA fault ,

llRA was used to model the important human trees were used in conjunction with the typical

errors for each scenario in the ISLOCA PRA. As TilERP event trees to provide the best representa-
'

discussed in Section 2.5, llRA is a methodological tion of the modeled events. Detailed analyses were

tool that involves the quantitative analysis, predic- conducted using the fault trees and/or TilERP
tion, and evaluation of work-oriented human event trees to estimate the error probabilities ol the

'

performance.The ISLOCA IIRA diagnosed those dominant human actions,

factors within the plant's sy tems that could lead
to less-than-optimal htaan performance in the
initiation, detection, diagnosis, and mitigation of Individual error branches for each of the llRA

ISLOCA scenarios. IlR A was used as a diagnostic event trees (see Section 2.5 or Appendix E for

tool to isolate the enor rate anticipated for individ- details) were quantified using techniques from

- ual tasks and to determine w her, errors were likely TilERP, NUCLARR,Il and engineering judge-

to be most frequent. ment. Specific human actions on each error
branch were assigned an estimate of the basic

Hecause most of the human actions in this llRA !!EP. These basic liEP estimates were then modi-
involved the use of various nonna), abnonnal, and fied using PSFs to realistically describe the work

23 NUREG/CR 5604
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Figure 8. DilR/LPI system rupture probability as a function of RCS pressure,

process at the plant. Finally, possible failure paths Workload alone was insufficient to*

(i.e., sequences that included either single or mul- _ introduce either initiating events or precur-
tiple human errors leading to a failure of the sors for ISLOCA
action modeled by the llRA tree) were identified
and combined to estimate the total failure proba- Newly intrnduced operating schematics* . . .

bility for the llRA tree, in accordance with the (color coded P&lDs with alarms and instru-.

TilERP guidelines. Individual PSFs were derived mentation highlighted) could prove to be
useful operator aids

from task analyses, time-line analyses, evaluation
of the human / machine interface, and direct Operators' practice of repeating verbal.

observations of operator performance. The instruction increases the probability for
majority of these PSFs were presented in the effective oral communication

- ISLOCA Inspection Report for the analyicd
plant.12 Each PSF was seen as casting either a The presence of consistent labeling in the*

itive or negative influence on the basic ilEP, control ro m contributes to positive opercor

j that is, as either decreasing or increasing the prob- performance.. .

| ability of lailute for a given burnan action. For
Negative PSF findings include the following:'

example, some of the pocitive PSFs in evalua-
tions of the B&W plant included the following: Luck of specific training on ISLOCA*

| . NUREG/CR 5604 - 24
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Table 4. Predicted failure probabilities for DilR/l P1 components.*
__

Median
failure !

pressure {
Component Description (psi) F ilure probability

'

Dil-4849 Relief va| n/a n/a

GCB7 12 in. pipe, schedule 20 1,660 2.553E - 01b

Dii2734 * *-in. motor operated gate s alve,300 psi 2,277 5.011 - N sm

Dil1517 12-in. motor operated gate valve,300 psi 1.7 N 1.3E - 02 sm

GCB 8 18 in. pipe, schedule 20 1,488 1.072E - Olb

Dil273.t 18 in. motor operated gate valve,300 psi 2,277 5.0E-04sm
,

IICB-1 - 18 in. pipe, schedule 10S 843 4.471!- Olb
11C11 1 14 in. pipe, schedule 10S 1,090 2.695 E - Olb

Dil81 14-in. swing disk check valve,150 psi 1,445 6.75E - 02 sm
GCil-8 12-in, pipe, schedule 20 1,660 7.1211 - 02

12GCila l'lange,300 psi 2.250 0

-12GCilb Flange,300 psi 2,250 0

12GCBe Flange,300 psi 2,250 0

P421 DilR pump 1 1 2,250 3.0E - N sm
GCll-1 10-in. pipe, schedule 20 1,984 3.1511 - 02

10GCIIla 10-in, flange,300 psi 2,485 0

Dil-43 10-in. swing disk sheck valve,300 psi 2,016 2.5E- 03 sm
Dli-45 10-in, hand wheel-operated globe valve, 2,170 9.0E -04 sm

3(X) psi

E271T DilR heat exchanger tube sheet 432 8.546E-01 (50% sm)b
E271P DilR heat exchanger plastic collapse 1,030 5.988E - 02

E271C DHR heat exchanger cylinder rupture 1,630 4.4811 - 02

E271A DilR heat exchanger asymmetrie head 2,030 9.2E - N sm
buckling

E271a 10-in. out f,300 psi 2,485 0

E271b 10-in. in f,300 psi 2,485 0

GCll-10 6-in. pipe, schedule 10S 1,585 3.2211 - 02

GCB-10 10-in. pipe, schedule 20 1,934 2.95E - 02 ,

GCB 10 8-in pipe, schedule 20 2,503 7.3fi- 03
Dil-128 8 in. swing disk check valve,300 psi 1,242 1.42E-01 sm
GCII-2 ' 4-in pipe, .chedule 10S 2,075 2.2E - 02

FE Dil211 10 in. flow element,300 psi 2,485 0

Based on a median RCS pressure of 1,250 psi (uniformly distributed between 300 and 2,2ikfpsi): This primarya.

system dis;ribution is presented for infomia:ional purposes and was not used in the analysis. Ilased on this, Riii Ap5
modeling predicted a median system pressure ut Dil-4849 of 1,188 psia and a median system pressure at Dil 2734 of
818 psia.

b. Indicates a dominant contributor to the systern rupture pmbability.

25 NUREG/CR-5604
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Lack of proper ISLOCA notes, cautions, or (c) when site evacuation was said to occur.e

and warnings in procedures TilERP procedures allow for modifying ilEP val-
ues as a function of stress level and where such

Lack of awareness that the computer high- modifications are made they are noted.*

pressure alarm on the llPI line cel<t be
caused by either leaking check v. .<es or A detailed IIRA was conducted for each of the
by the MU&P system operation significant scenarios identified in this ISLOCA

PRA. In addition, an uncertainty analysis was
14e Lack of a valve status board in the control done using IRRAS The uncertainty analysis

room and absence of procedures for provided both median and upper bound ilEP esti-
acknowledging computerited alarms. mates, which were used to calculate error factors

(EFs) for respective llEPs. Tables 5 through 9
No main control board alarm or pressure summarize the results of these analyses, which.-

indication was observed for the D}iR are described in Appendix E. These tables pro-
system. vide the identifier and description for each signif-

icant human error, as well as the mean llEPs and
Tagging was mixed, good in some areas and error factors for each human action. A lower.

not as consistent in others. bound on the failure rate for human actions was
assumed to be 1.0E-(M. This lower bound esti-

For purposes of this llRA, stress hvel was con- mate included the possibility of recovery actions j
sidered optimal with three exceptws: (a) when by other crew members, and models situations i

personnel were sent into containment, (b) when where there is relatively a long time to respond
personnel were attempting to isolate the ISLOCA, (hours) and to recover from the abnonnal event.

Table 5. IIPI scenario involving quarterly stroke test for 2A, MU&P flow.

Identifier ilum:n action Mean llEP (liF)

iIV1-MU llP vent hne open 0.0013 (2.94)
.

| IIM1 MU llP MOV2A opened for test 1.0
|

| _ llM2-MU Operators fail to close llP MOV2A 0.008 (2.27)

IIV2-MU - IIP vent line open (per procedure) - 1.0

llD2 MU Operators fail to detect ISLOCA 0.0028 (7,4)_

llDA2-MU Operators fail to diagnose ISLOCA 0.006 (14.93)

Ill2-MU Operators fail to isolate ISLOCA 0.002 (3)
. _ _ _ _

_ _ _

Table 6. IIPI scenario involving quarterly stroke test, no MU&P flow.

Identifier - lluman action Mean llEP (El9

IlMI lip. IlP MOV2B opened for test 1.0

llVl llP llP vent line open 0.0013 (2.94)

IID2-IIP Operators fail to detect ISLOCA 0.0014 (9.5)

IIDA2-IIP Operators fail to diagnose ISLOCA 0.006 (14.93)

lil2 IIP Operators fall to isolate ISLOCA 0.002(3)
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\

Table 7. 5thodown scenmio involving premature opening of Dilli and Dill 2. |"

'

' . -lilectifier
lluman action Mean llEP (El:)

Dki1-SD Operators open Dili1 and 12 too soon 0.00066 (10.01)

DD2 SD Operators fail to detect ISLOCA 0.0002 (10.79)

DDAlSD Operators fails to diagnose ISLOCA 0.(KKi (14.93)
|
'

D12.SD Operators fail to isolate ISLOCA 0.008 (5)

+ |
'

,

Table ll. Startup scenario involving D11R system.

- Identifier lluman action Mean lil!P (EF)

DMl-SU Dll 11/12 (MOVs)lefI open 0.0(Al2 (3.53)
t

- DDl-SU A,C Operator fails to detect overpressure gisen relief valve opens 0.0001 (16A)
<

Dil SU.C.D Operators fails to isolate RCS (MOVs left open) 0.0092 (3.0)

DM2-SU Dil.21/23 (manual valves) let's open 0.0(K12 (4.85)

Dil SU.AJi Operators fail to isolate RCS (manual valves left open) 0.013(2.37)
,

DDl SU II.D Operator fails to detect overpressure, given relief valve eloved 0.001 (3)

l' ')2 SU Opera'er fails to detect ISLOCA 0.0001 (22.99)

DAl-SU-A Operssor fails to diagnose ISLOCA 0.52(1.6)

DAl SU-Il Operator fails to rliagnose ISLOCA- 0.59 (1.5)

DAl SU-C - Operator fails to diagnose ISLOCA 0.29 (2.5)
i

DA1 SU-D - Operator falls to diagnose ISLOCA OA3 (1.9)

D12 SU-A,13 - Operatur fails to isolate ISLOCA 0.113 (4.26)

D12-SU.C.D Operator fails to isolate ISLOCA 0.016 (2.99)

Table 9. LPI system ISLOCA scenario.

Identifier - lluman action Mean llEP(EF)

LD2 CIT . Operators fail to detect ISI.OCA 0.0001 (2.05)g
LDA2-CIT Operators fail to diagnose ISLOCA 0.0001 (43,37)

LI2-CIT Operators fail to isohte ISLOCA 0.149 (5)

LD2-LP J Operators fail to detect ISLOCA 0 0035 (11.15)'
.

LDA21.P Operatois fail to diagnose ISLOCA 0.01-(10)

L12-LP Operators tbil to isolate ISLOCA 0.148 (5)
.
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inspection of the data reveals that failure rate errors modeled are from conunission and compiex
probabilities are highest for mitigation, isolation, commission decision-based sources. Although

j

and errors of commission such as inadvertent caution should be taken when extrapolating frorn
valve lineup after test, or faulty de:isions such as one plant's data, these results do indicate that
early entry into DilR cooldown. Diagnosis errors existing PRAs may significantly under represent
range on the order of 5.9E -01 to 6.0E-03 and, human contnbution to systems failure,
in snany cases, reflect the large amount of time
availabic for the crew to reach an opinion on the

4.2.3 Decision Based Errors The rates forevent. Rstes for isolation and mitigation were decision-based errors presented in Table 12 were
obwrved to be 2.0E- 03 and 1.5E-01, respec- derived using TilERP and engineering judge-tively, and reflect the lack of resources available

ment techniques. While thesefailure rates apply
to crews. These resources, if ptsscnt would have

to those decision-based crrors ideraified and i
decreased the iailure tale estimates. include an
ISLOCA procedure, training on ISLOCA, instru- quaruitied in the IM W ISLOCA analysis, they are h

not limited to instances a here the action is the
mentation, and a procedure for computer alarm toplevel action in an crent 3equence. To learn
acknowledgement. Without these items, crews more about where a particular decision. based
could be forced to operate in a knowledge-based

failure fits within an action flow, the sequencereatrn during an ISLOCA.
identifiers, task descriptions, lailure rates, and
EPs are presented in Table 12 (see Appendices D

Table 10 presents latent errors identiGed during and E for more detail).
conduct of the llR A. Each of the enors is preceded
by the event sequence number and is followed by

4.2.4 Human Factors influence on the Riskthe nominal (detailed) llEP value. Description of
the error and its sequence are presented in Associated with ISLOCA. The cunent analy-

Appendix D. s s indicates that human errors, particularly, errors
ro commission, are contributors to the CDF for

ISLOCA sequences. Ilowever, it is premature atOnly one error of commission was identified as
the present time to say whether, in Reason's

an initiator (i.e., DMl SD): operators open terminology,h " active"enors such as the decision
Dil 11/12100 soon in the shutdown cycle. Latent to prematurely enter DilR, or the human contribu.
errors involving vent line configuration shown in

tion to risk due from " latent" errors will be
Table 10 can be of either the omission or commis- imponant at other planis. In 'he present case, bothsion type. The low failure rate for DM2-SU

of these types of enors of commission played a
reflects the double verification for these valves as significant role in assessing the plant's suscepti-
called out by both procedures SP-03130, " Decay bility to ISLOCA. If training for ISLOCA had -Heat Removal System isolation Test," and

been available at the plant and if personnel hadOP-00008," Operation and Conti01 of Locked
thorough ISLOCA procedures, then the probabil-Valves " ity for ISLOCA would be reduced. Proce-
duralizing crew response to computer alanns and'.

4.2.2 Detailed Dreakdown of Human Error providing additional indication of valve status
Actions. Table il represents the distribution of would also reduce risk.
errors modeled in support of ISLOCA evaluation
at a B&W plant. The tabled values include all

'

errors inodeled in the supporting fault trees and 4.3 Reference B&W Plant Event
,

! IIRA eunt trees. Trees

; As these data indicate, the majority of error The following sections 4. scribe the es ent trees
types appearing in the present analysis fall into the deseloped for the five ISLOCA sequences, The
omission category. This is in keeping with con- quantification of the event trees is based on a
temporary PRA. What is unique about this yearly timt frame. This is reflected in the fre-

| ISLOCA PRA is that some 20% of the human quency of the initial event-tree event. This

- NUREG/CR-5604 28
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Table 10. Latent errors.

~ Sequence Event description Mean llEP

~ llVI MU llP vent line left open 0.0013

IIVl-llP llP vent line left open 0.0013 i

DM1-SU MOVs Dil 11 and 12 lef t open 0.(XK12 ;

DM2SU. Local valves Dll 21 and 23 left open 0.(X)02

>

Table 11. - Distribution of errou from supporting analyses.
- ,

Omis; ion Simple conunission Decision based

Frequency 1001 17 13 ,

*

Percent (%) - 77 % 13 % 10 %

<

Table 12. Decision bned errors (either task or subtask values).

Identifier Description llEP (EF) ,
,

llDA2 MU,IIPd - Ros fail to conclude ISLOCA (from prior tasks) 0.006(14.93)

lil2 MU,llP ROs fail to isolate llP2A. ur.do what w as just done 0.002(3)

DMirSD ROs decide on early entry into DilR 0.(XX)66 (10.01)

DDA l-SD8 - ROs fail to conclude ISLOCA from event signature 0.006(14.93) +

m

| D12-SD* Crew fails to send instrument and control technicians 0.008 (5)
; to remove jumpers (total llEP = 9.0E-05)

DM2-SU ROs fail to close Dil21 and 23 0.0f K)2 (4.85)

D A l-S U- A" Ros fail to recognize ISLOCA from event signature 0.52 (II6)b
(local valves open: relief valve opens)

DAl-SU-li - ' ROs fail to recognize ISI.OCA from event' signature 0.59 (1.5)b
(local valves open; relief valve fails closed) -

DAl S' ROs fail to recognize ISLOCA from event signature 0.29 (2.5)b
(MOVs open; relief valve opens) +

' DAl-SU D - ROs fail to recognize ISLOCA from event signature 0.43 (1,9)b

(MOVs cpen; relief valve fails closed)

LDA2-CFI' . ROs fail to conclude ISLOCA-core after rupture 0.(KK)1 (43.37)

LDA2-LP - ROs fail to conclude ISLOCA from past rupture 0.01 (10)
. informa ion

,

~_.-

a. Indicrats sublask Vafues.

b. . Indiutes engineering judgement used to estimate llEP.

29 NUREG/CR-5604
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" initiating event" simply postulates a particular REL mit-An ISLOCA with core damagee

operating mode or status of the plant and includes occurs but the radioactive release k miti-
consideration of multiple interface lines. 'the plant guted through some aspect of the accident
operating status modeled in the initial event is only itself (e.g., the release is ! .bmerged) or
slightly conservative.1he event trees are based on though some accident manayement strategy
the plant operating all four quaners per year but te.g., actuatmn of fire protection sprinkler
also include one outage (during which manual systems)
values DH-21 and Dil 23 are opened to allow
MOVATS testing of Dil !! and Dil 12) and with gyg,lg--An ISLOCA v i'h core damage,

a single startup and shutdown. The event trees are occurs and results in a large unmitigated
constructed to show the downward branch radioactive release,
depicted as the failere event listed at the top of the
event tree and the upward branch as the comple-
ment of the event (i.e., typically successt The top The RElanit and RElelg bins are sometimes

events are a combination of the individual compo- subdivided according to failure location, with the

nent failures, human en ors, and functional failures new bins identilied as RLI, RL2, etc. These bins

that were deemed most appropriate for describing ""' dgikd Iunhet in the appropriate sequence
the individual ISLOCA scenario progrenion. dewnptmn.

All event tree quantification described in the - 4.3.1 Makeup and Purificallon System
main part of this repon has been perfonned on a - Interface Event Tree-MU&P. A schematic
point estimate basis. Uncertainty bounds for the diapam of the interface between the MU&P and
sequence frequencies have been calculated and the RCS is shown in Figure 9. The base case
ce reported in Appendis L. Furthermore, sensi- ISLOCA event tree for this system is shown in i

tivity studies were performed for a number of Figure 10. During most operating modes, the
hsues that are believed to dominate the risk or are MU&P system supplies high-pressure purified
thought to possess significant uncertainty. makeup to the RCS and seal injection to the reae-

tor coolant pumps.The normal RCS makeup
Finally, each event tree end state was assigned flows from the MU&P system through the llPI

to one of the following consequence bins: A beader 5ia check valves llP47 and llP-59.The
MU&P/llPI system has the following features:

OK-No overpressurization of the low-*

pressure system occurred.
. Th IIPI pressure isolation check valves,

. (PlVs IIP-57/59, llP-56/58, llP-48/50, and
OK op-Scenan. -o results m overpressun.i.a.*

hP-49/51) are welded together. This pre-tmn of the mterfacing system but the system
does not rupture or leak. nts leak testing ofindividual check valves,

T.herefore, upon completion of a successful
.

LK ned-Scenario results in a rupture in, leak test, only one of the two check valves*

and RCS leakage from, the interfacing sys- can be assured of being pro [erly seated.

- tem, but no core damage occurs because the

' leak is eithcr isolated before core uncovery The normally closed alPI MOVs lilP-2A, B,'

or the leak is too small to jeopardire core C, and D) are stroke tested quanerly, While
cooling, the A-header valve (llP-2A) is being stroke

tested, the MU&P system continues to
LOCA le-A particular scenario that provide RCS makeup through that line,.

results in a loss-of-coolant inside contain. When i1P-2 A is opened during the tett high-
ment. These events are not examined in pressure makeup water backflot s to the
detail in this report and are quantified only llP-pump discharge check valve (llP-23).
to'their initiating event frequencies. Once the test is completed, the llP-2A

.

NUREG/CR-5604 30

-
_ _ _ _ _ _ _ _ _ _ _ _ _ _ .___ _ _ _ _ _ .- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



-__ - _ _ _ - _ _ _ - _ - _ _ - - _ _-.

Il&W 1(eletence Plant itesults

ence initiated When HP--2A is Stroke Tested
MU&P Seq /p/59 rail to Closeand HP-5

B&W Plant O |
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Figure 9. Schematic of the MU&l' system interface.

MOV is closed, and the llP line is vented to indicate this minimum core uncoscry time might

a portion of the llPI-pump recirculatien approach 8 hours depending on system perfor-
line. This same recirculation line is opened mance and opera!or actions. This difference of
to the llWST for the quarterly llPI-pump 4 hours does not alter the estimate of the llEPs.
flow test. This process presents an opportu- The 41.our uncovery time is utilited in the post-
nity for misaligning the tecirculation line rupture recovery es ent llR A. The individual see-
after the pump test, and/or llP-2A after ^e narios determine whether the RCS backflows to
stroke test, possibly allowing RCS water to the llWST or th:ough the llPI pump. The !!WST
backflow to the llWST* is vented anu therefore car.not te pressuri/cd and

.
the reactor coolant will eventually oserfiew the

The features desen.hed above suggest two basic
'""' .U* E" " 'I' * P'"* ' IC"I"U""*(*'#scenarios (i.e., primary coolant flowing to the

[lWST or to the liPl pun $p soetion pipet Each one
1.istings 6 and 11 in Appendix II) indicate that
then 6 aho a IE- N probability that the pi elis characterized by unique rupture probabilities

and locations. Ilowever, the basic timing is leading to the llWST will rupture (note that all

assamed to be similar. llounding ealculations were pipe ruptures are assumed to he uncontrolled or

performed n estimate the time to core (meovery large rupturest if the llPI pump discharge check

for a DilR/LPl and a llPl sequence t see Appen. valve fails to close, then the pump suction piping

dix GbThellPIcalculationpmduced aminimum will be pressurited This scenario results in a
time to core uncovery, gisen a rupture in the llPI systemruptureprobabilitya1929 (seelating 22

system, of about 4 hours. Other calculations of Appendix 11). with the 6 in. pipe on the

3i NUllEG/ Cit-5604
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ll&W Reference Plant Results

pump suction being the most likely location (at result of the control nom operators either to mis-

714 pmbability, see Listing 18 in Appendix llt judge the need for DilR. misread the cooldown
- The MU&P event tree is described in Appen- cutve, misinterpret the system indicators, or mis-

dix D. undesstand the procedures and instructions, etc.
'he preuure and temperature of the RCS cat be

4.3.2 High Pressure injection Systorn ywhere from 2,200 psi and 6FF to 266 psi i

Interface Event Tree-HPl. Figure 11 shows a ..nd 280"E The lower end of the prewure range |

schematic diagram of the interface between the would seem likely in those cases w here plant ;

ilPI system and the RCS 1he ISLOCA event tree shutdown proceeds expeditiously, while the high

for this system is shown in Figure 12. Each of the end of the range might be powible if the plant has )
Iwo llPl pump trains branch into Iwo injection spent an unusually long time in hot standby,

legs, with each injection leg discharging into one
of the RCS cold legs. As mentioned in the One area of interest relates to the plant proce-
description of the MU&P event tree, the Pill is dures for initiating Dif R operations. The two Dif R
maintained by two check valves that are welded letdown MOVs (Dil ll and Dil-12) are inter.
together, a normally closed MOV (stroke tested hicked with RCS pressure such that they cannot be
quarterly), and the llPI pump discharge check opened if the RCS pressure is above 301 psi for
valve llecause the MU&P system provides nor- Dil-11 and 266 psi for Dil-12. liccause of a dead-

1

mal makeup to the RCS through a connection in band in the interlock for Dil 12, the procedure i
'

. IIPl leg A, that line is analyzed separately. The allows the operators to jumper-out the relays in
other three injection legs are modeled together in order to bypaw the interhick if the valve does not |
the llPI event tree. open. 'the contribution to the ISLOCA risk may be

increased by a crew that is fmnitiar with this por-

'lhe analysis of the llPI interface produced rup- tion of the procedure that allows bypauing this

ture scenarios that are identical to those discuwed protective safety feature.
,

previously (for the llV&P event tree). The llPI
event tree is described in more detail in Appen- 1he key event for this sequenec is the postulated

Idix D. human error of entering DilR cooling when it is
not required. A human error of this type constitutes

,
_

an error of commission, either in execution or
[ 4.3.3 DHR Letdown (Shutdown) Interface

Event Tree-DHF1 SD. Once plant shutdown intention. Typically, errors of commission have
has been initiated, the control room operators not been addressed in past probabilistic safety
monitor the primary system pressure and temper- analyses. Ilowever, the existence of errors of
ature in order to ensure adherence to the limits commission is clearly supported by historical
and requirements governing shutdown (e.g., at experience (i.e. LERs),and Appendia A contains
the reference B&W plant, the cooldown rate is a set of events in which errors of commission

- limited to 100*F/ hour for temperatures above played a significant role, .h discussed in Sec-
270T, and $0T for temperatures below 270T), tion 2, the LER data base was examined forevents

When the RCS temperature and pressure are in w hich operators inappropriately opened MOVs.

reduced to approximately 280T and 266 psig, The result of this analysis, documented in Appen-

respectively, DliR operation is initiated. Fig- dix A, produced error rates on the order of
ute 13 shows a schamatic diagram of the interface 1.0E -07 per hour. Assuming a fault csposure
between the DilR letdown line and the RCS. The time of about 10 hours per reactor-year (time
ISLOCA event tree for this interface is shown in associated with plant startup and shutdow n when
Figure 14. The scenario of interest here begins errors of this type are most likely) generate failure
with the premature opening of the DilR letdown rates of 1.0E -06 per reactor-year. This sate
line (MOVs Dil 1i and Dil-12) and is based on probably represents a lower bound on the industry
the premise that shutdown cooling has begun as a wide average given the nonconservatisms
result of a human error. This generic error is the associated with the LER system (see Appendix A

33 NUREG/CR-5604
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j
m
i HPl Sequence Initiated by MOV Stroke Test in

| Combination With Bockleokoge of Two Check Volves
,

y

9,

f B&W Plant
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L Figure 11. Schematic diagram of the llPIinterface.

for a more complete discussion of using LERs for valves DH 2733(4) end Dil-91MA), and (c) the
failure rates). DilR letdown line immediately downstream

of Dil ll,

Assuming that it is possible for a haman error
to occur that allows for a premature initiation of

A mag.ing calculau.on was paf nned to esu.-DilR cooling, the probability of premature initia-
mate the ume to core unc may for this sequence,

tion is then a function of RCS pressure (i.e., an
u estu, nate produced a minimum time ofoperations crew is more likely to enter DilR

appm .itely 2 hours, which was uwd in the
.

cooling at 400 psi in contrast to 2,000 psi). As a
HRA to estunate HEPs for recovering from a

result, an exponential probability distribution was
DilR lSLOCA sequence (see Appendix G). The -

assumed (see Appendix D for a more complete
description of this model). This distribution was pent tm f r uds sc<luenc e is nm fuHy dc taned -

in Appendix D.used to weight the llEP by the expected RCS
pressure. This modified llEP in tum was used to
calculate the DHR system rupture probability, 4.3.4 DHR Letdown (Startup) Interface
This process generated an aggregated large. Event Tree-DHR SU. The DilR system aay
rupture failure probability of 0.11 for the three be overpressurized if the DilR letdown line
likely large-rupture locations (see Appendix 11, remains open while the RCS is being heated up
Li< ting 34, for pressure dependent system failure and pressurized. The schematic diagram of the
probabilities). These rupture locations can be DilR interface with the RCS is shown again in
identified from Listing 29 in Appendix 11 and Figure 15 and the ISLOCA event tree for this
are as fo!'ows: (a) the DilR heat exchanger, system is shown in Figure 16. There are two ways -

i (b) the containment sump suction line between in which RCS water can enter the DilR system:

_
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H&W Reference Plant Results

DHR-SD Sequence involves the Premature Opening
of the Letdown MDVs (DH-11/12) During Shutdown

Reference B&W Plant
DW l.etdown
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Figtue 13. Schmatic diagram of the DilR letdown interface (shutdown).

(a) via the nortnal letdown MOVs Dil 11 and tree for this sequenet is further described in
Dil-12 and (b) via tile MOV bypass valves Appendix D.
Dil.21 and D1123, which are local manually
operated valves. Dil ll and 12 are interlocked to
automatically close when the RCS pressure is 4.3.5 Low Prossure injection System

interface Event Tree-LPl. A schematic dia-above 300 psig, llowever, the valves always have
of de Lpl iM' ace with the RCS is shown

their contrul power rernoved to prevent inadver-
tent operation, thus defeating the closure mter- in Figure 17. The ISLOCA event tree ior this sys-

lock. This is specified in the plant a Techmcal is down in Fhure 18. This interface repre-

Specifications' sents the classical V-sequence configuration of
two M vMyes in series, forming the pill

The DilR letdown line includes a pressure between the RCS and LPI system. The system

relief valve (Dil-4849), This relief valve is '.omprises two redundant trams, with each injec-

imortant when analyzing the behavior of the non Une supplied by one LPI pump and one CFI'.
* * * " * " "" "*" * """** "" " ' " "RCS when the overall system is slowIv pressur-

ired with the letdown line left open. Th'e makeup - tigated and it has been noted that pressure isola-
.

system pumps are each rated at 150 ppm and the n,on check vahs on CR dhcharge Unes han

relief valve (D11-4849) is designed to pass experienced a higher failure rate than other check

1,800 ppm at 320 psi. Therefore, it does not seem va es (note that tha appUes to check vakes in
,

possible to slowly pressurize the overall RCS to staney sesch

the point of rupturing the DilR, given the suc-
cessful operation of Dil 4849. The possibility of This sequence has two possible scenarios,
Dil 4849 failing to open was also considered. ' depending on which check valves are postulated

to fail. In the first scenario, CF-30(31) and,

Other aspe:ts of this sequence are similar to the CF 28(29) fall. This results in reactor coolant
DilR SD sequence with respect to probable fail- back-leaking into the CFT, which if ruptured,
ure locations and time to core uncovery, for those produces ,i loss of-coolant accident (LOCA)
scenarios where ruptures are possible, The event inside containment. The second scenario pairs

%- NUREG/CR-5604 36
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DHR-SU Sequence horocterized by Plant Stortup
RCS Pr Wi Letdown Valves
DH-11/essurizatior12 or DH- 1/2Lef t Ope.

Reference B&W Plont ~ [
DhR Letclown % %'**#""' # "***on w.m in m n.
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> 21 > 23

Figure 15. Schematic diagram of the DilR letdown interface (startup).
3

? DH-76(77) with CF 3001L In this case, the LPI sequence. The parameters of interest are (a) pres-y

system will be pressurized. Ilased on the resuhs sure, (b) temperature, (c) relative humidity, and
of the D!!R analysis, the most likely failure k)ca- (d) water level in tiie affected ECCS equipment
tions will be the DilR heat exchangers. As with rooms. The calculations were used to estimate the
the DHR sequences, the time to core uncovery is failure potential of equipment in compartm(nts
estimated at approximately 2 hours. This event adjacent to the break due to high tempe sure or
tree is more fully described in Appendix D. submergence. Also the calculations were used to

estimate the extent to which operator recovery
4.3.6 Aux!Ilary Building Environmental '":tions would be limited by steam ano water
Analysis. \n important issue was developed propagation through the auxiliary building. -

during the course of the ISLOCA Research Pra-
gram. This issue concerned the effects t:iat ao Five break sequences were evaluated by using

mterfacinc., systerm break would have on equip- .a combination of RELAP5 and CONTAIN
ment in the break conapa tment and ir, adjacent thermal-hydr autic models.f-- I'he five

S'4"$"""8 'M ved breaks in the iollowinglcompartments of the auxiliary building. This con.
cern related to the possibility that redundar,t traim . locations mun ti e B&W refnem c plant's
of emergenc3 core cooling could be disabled by (a) DH ULPI and ilPI systems:

high temperature,(b)high hrridity,or(c) flood-
1. A 12 in break with discharge into

mg. Thus, the assumption tt J gnly equipment in
the breax compartment is impaired by the break Room 236 of the auxiliary building.,

needs to be addressed m more detail.
This faibire occurred as a result of prema-
ture entry into DilR cooldown, with the

Mechanistic calculations have been performed
and analyzed to resolve the above issues. These 2. A simultaneous rupture in both DHR
calculations were performed for the reference heat exchangers, with discharge into
B&W plant. The calculations pmvide a best eati- Room 112 of the auxillary building,
mate of the environmental conditions in the auxil- The limiting now area for this breck was in
lary building during an ISLOCA accident the 2.5-in. bypass lines around valses

NUREG/CR-5604 38



. ..
- - - -__ _-_-__ _ _ _ _ _ __

B&W Reference Plant Results
,

I

1

_ _ _ _ _ _ . - _ . ~ . ~ _ _ _ _ _ _ _ , . . _ _ _ . .

}?3 _~.-... ..e : - : : e : e r n :. : n u n n e r_. n u...._=__: :_n e n.
_ . _ _ _ _ ~ .

.. . . _ .- - . . . . . .. .. . -
-

.

: : : : r. e. :. 4 . 4 4 a :. 4 . e. r a r r. e. .: . x e . , r. g r. i r , r. e. i r a r-

. -- .-- ..... ~ ~ . ~ . -.~- ..
. t5 5 5 .: m e, t e k s w r * 5 * n e r k w a s _ c: e s t r a n_a r w s . w w w w & a...a#

- _ _ _ ._._
. _ . _ _ . . . _ - _ _ _ . . . __

n. . z. :.: :. :. :: e :: r. e. : e. : : : e. e. : . e :.~ - : .s..
-

. . . ...

r
n s s e n. . n .x. x. .. :. _: . v . n u.. .. r. n. r v . w.. . _:.......-..r..x,.

_" . .
. .- . , . . ..

.

. . - . . . . . . . . - . . - . . ~ ~ - - -- -...
.

.,- ,. -

.,.T~^~ n 1~'''~''
rb . s. sma : _ :i :

d: . :b; a,14 | .2:n m .-

pg. aa:. w:ia u-o* ~e R _ h:|a--
:

-- s@ t11 2,

-.
..,n g gp

. 3,,., g_.' 4
i . W1a a $ ,, qg<-qqj <

m .

.e e a t., u t. dl' r a .a Ja a > s.

- - aj . i u..i3 ; : :' a p.
e L-3- .,a .-

_
2; . :

;;' . .
- ~. 3

. .

2
. ,a , % , 3, -

a . : x. -s ~-e e x t3 -

e .-

3_ y .

as .7_;s T
.. .is :3

|
- -- ,

2

- a
- : . :

~

1

_ __ $ _ &,u &, J.eJ.~s . 4.
:- s .s

; t .j s
. -.18 3*

-

..v a e n w .

Ei-: i3 .:9 M :|A --

*

s:: P. m m a.

:' e Ja -is -9 t _.....zs 1
:

3
. - - .

3.N N: h: k) 5 h N ,

..

E1
e

= : ,: m o
I

_ l o' *a P . _18 om.. w

3 i ,.1 8 L1 r- h-
..a .a,.

e. : un a o.E' .
> s t. 4 .e

~ -m -:a .m o
- u
.: -

:n ,
.

- -8.

:1. 5 .
o-

_' N 4. re "TS5g !5 _.g- l'; y
___ m

/

: . :* a r. <:
:: ,. _ - . >g u>

-

H n; L %:a o.

3-:
-0

-

m
_

. , ..
e -::: : ..

~e e c4

3
$6 ' "i l

~! - t
_ _,r n

-
<.:. 2 e

:::
-- e

-
2

c:.::
-- -;a# s. o

C
c-

-. .;. a. -
o

-.

se
E5e .5 U M

-~. .. ::it

_
n
"""

.a .
, -

.. : - e -

JO7. ; ", 3 3 .

~ _15.+ -? .

D,2 "; -

ew
:s

.CD-

u.

39 NUREG/CR-5604

_ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



,
-- . _ _ - .

B&W Reference Plant Results

'
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Figure 17. Schematic diagram of the LPI interface.

DH 1517 and DH-1518. This pastulated The auxiliary building pressures, temperatures,
failure occurs as a result of premature entry and water levels depend on several variables,
into DilR cooldown, with the RCS at an ele- These variables are (a) the steam flow rate into
vated pressure (large break). the building. (b) the steam energy,(c) the volume

of the auxiliary building,(d) the now paths of the

3. A simultaneous rupture in the low- building,(e) the rate of heat removal;uy con-
dens ti n f steam n structural matenals andpressure Dr1R pump suction piping,

discharging into two rooms (105 and ettuipment, and (f) the effects of fire sprays. The

113) of the auxiliary building, The lim. steam energy and now rate into the building were
2calculated with RELAPS : models of the RCSiting flow area was in the 2.5-in. bypass

lines around valves Dil-1517 and DH-1518. and the mterfacing systems. The resulting steam

This postulated failure occurs as a result of source data were then used as boundary condi-
tions for a CONTAIN22 calculation of the auxil-premature entry into DHR cooldown, with

.the RCS at an elevated pressure (small iary building response to the ISLOCA.

break).
2The RELAl>5 1 models of the RCS comprised

Gye volumes:(a) the cold leg. (b) lower plenum,
4. A rupture of the 1-2 decay heat

cooler with a discharge into Room (c) core, (d) upper plenum, and (e) the hot leg.
Decay heat was modeled with a best estimate

113 of the auxiliary building. The pos.
Oconee core model nonnalized to the B&W ref-

tulated break occurs becaus;e pressure isola' erence plant's operating power level. The ECCS
tion check valves m the injection pipmg of

njection flow was included in the model via pres-: the LPI system failed internally (small
sure dependent flow tables. The pressure lossesbreak);
between the RCS and the break location were
established by including a detailed model of the

5. A rupture in the suction piping to HPl piping .un. The purpose of this approach was to -
pur;>p 1-2 with discharge into Room obtain an approximation of the RCS behavior.
115 of the auxiliary building.The pos- The modeling approach was based on the premise

- tulated break occurs as a result of internal that the auxiliary building's response to an
failure of the HPI discharge isolation check ISLOCA is not strongly dependent on the details
valves (small break). of the RCS behavior.
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B&W Reference Plant Resub4

The CONTAIN22 computer code was used to sump pumps were excluded because they do not
y < calculate th; time response of the auxiliary build. have adequate capacity to remove the break dis-,

: ing parameters. The CONTAIN code is a contain-- charge condensate, Neither do the sump pumps
_

qment modeling ~ code. This software pacFage has - ha e the capacity to remove the water discharged
adequate steam condensation heat transfer models from the niultiple firewater spray locations in the

_

- for the scenarios of interest, The code also pro 4 auxiliary building. The impact of sump pump
vides engineered systems.models. These system _ eperation was evaluated qualitatively in the small

= models allow analysis cf fira sprays. compartment - break sequences where the combined accumula-
sumps, and drainage paths between compart- tion of water from these sources was close to snmp
ments, The approach _ used in these calculations pump capacity Pump heat was neglected in the
was to construct detailed cell models~of compart- analysis because the heat would be removed by the
ments with ECCS equipment. These compart- fan coolers. The fan coolers were not modeled

- ments were selected based on the belief that they because a large fraction of their capacity would be
might he affected by an ISLOCA. These roums used to remove pump heat.

| were identified to be auxiliary building rooms
numbered in this analysis as 105.113,- 115, and The CONTAIN calculations performed for this
236. The remaining spaces in the plant were fi&W reference plant indicate.that pressurization

| lumped into a single balance of plant volume, of the auxiliary building is limited to less than
1 psig. This is because the auxiliary building's

'

The CONTAIN nodalization included a best y'ompartments ate well connected to one another.

: estimate representation of the important geometric l he modeling parameters that affect the calcuhited
prenure se Mween cmnpannwnts are (a) Nw -

parameters that_ influenced the analysis. These
~ area,(b) discharge coefficient,and (c) the length /= parameters are the (a) gas volume of each com-

diam"er ratio. These parameters were allpartment, (b) flow loss characteristics, (c) area
- accurately modeled for the ECCS rooms.- of tiow paths between each compartment, .

(d) description of the heat transfer surfaces within The uncertainties associated with the pressure
.

each compartment, and (e) description of dramage calculation are associated with the number of flow
paths between compartments. The nodalization

junctions neglected in the balance of plant portion
allowed the software to estimate pool depths in

of the mo let. The largest pressure drop in the aux-
each compartment. In addition to _hqmd flow out iliary building's model occurs is the Guld passes
the break, these water pools resulted from the con- fron$ the break compartment to the immediately,

. densation of steam, discharge from the fire sprays, adjacent compartment. At each successive flow-
; nd flow from adjacent compartments (both con ~a junction, the mass flow is reduced by the steam

j; densate and fire waterk The flooding phenomena mass condenwd by passing through each compart-
r is an'important aspect of the large break- - ment. TM effective flow area associated with the

,

sequences. Flooding is important because the flow increases as more and more parallel flow
|: large break discharge flow rates quickly fill the

paths become available to the fluid in the auxiliary --

compartment sumps. This discharge causes flood- building. Pressure drops in the auxiliary biiilding
mg of adjacent compartments and also results in at each succeeding junction therefore decrease as -
flooding of compartments at lower elevations' distance from the break increases. This pressure

: One of. the four compartments modeled in detail drop tiehavior of the auxiliary building leads to an
.(Room 236) has fire sprays. These sprays can be important conclusion. This conclusion is that,

expected to be actuated early in an ISLOCA refinements to the CONTAIN nodalization would
~

sequence.The result is that the fire sprays can con _- not have a appreciable affect on the calculated
tribute to compartment and auxiliary building- peak pressure rise of the auxilia y building:

- flooding.-
.

IThe C, WTAIN software package predicts that
Compartment sump pumps, fan coolers, and for the range of break sizes anal, ted, the tempera-

pump heat were excluded from the model. The tures in the auxiliary building do not exceed 212 F.
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There is one modeling uncenainty that can change The llood then submerged all the ECCS pump

this result significantly. This uncertainty is motors in a little oser 30 minutes. This was pri-

associated with the quality of the water steam marily the result of the propagation of the
mixture discharged from the RCS break into the unnashed ponion of the break discharge. In this

auxiliary building. For the break sequences ana. sequence, the operation of the sump pump would

lyzed, the break discharge is a two phase mixture have been ineffective in mitigatir the Gooding.

with a steam quality no higher than 0.90. Because This inability of the sump pumps to mitigate the

CONTAIN models the RCS blowdown now as an Gooding is a result of the low pumping capasily

isenthalpic expansion fmm the RCS pressure to of the sump pumps.

compartment pressure, the resulting compartment
temperatures will always be at. or very near, the The pool depths and resulting flooding
saturation temperature associated with the calcu- associated with the small break sequences was

lated compartment pressure.This is true as long as
minimal. The Gooding was minimal because the

the break quality does not exceed approximately mass discharged from the break was reta,ively

0.93. At break qualities higher than 0.93, the small and most of the Jischarge flashed to steam.

enthalpy of the discharge fluid will be high enough
The steam was then carried through the auxiliary

to produce superheated steam in the companment. building. The discharged steam was either

The maximum steam temperature obtainable by released to the atmosphere through blow out pan-

this process is approximately 320 F. This temper.
els or was condensed away from the break's hica-

ature occurs w hen dry saturated steam at approxi- tion The sump pumps, if they had been included

mately 500 psia is discharged from the RCS in the model, would have slowed the pool growth

through the break. It must be emphasized that none and delayed the submergence threat to the ECCS

of the RELAP5 RCS model predictions indicate equipment. The flooding, associated with the

that dry steam will be present in the break small break lSLOC A sequences. ot eurs primarily

discharge Given the uncertainty inherent in cal- because firewater dis ~harged from the sprinkler

culations of this type, the RELAP5 calcu'.ations system in Room 236 drains into the ECCS

cannot completely rule out the possibility that compartment below (Room i15). At the end of

high-quality steem will be discharged during an 2 hours, ~.he Good had not yet reached the top

ISLOCA for sufficient time to superheal the stea m of the vill wall separating Room 115 and

in the break compartment. All best-estimate cal. Room i 13. Equipment in Room 105 would not be

culations co",leted to d ue indicate that the threatened for a number of hours.

break's compartment does not superheat, and this
lack of superheating wr ned in the analysis of the

The flocaing results can be suorn trized with
:wo general statements:ISLOCA events.

For large break sequences, flooding will*

The relative hum.dity of the auxiliary building occur in the break companment and in adia-
.

i

was analyzed from the CONTAIN calculations. cent compartment at a rate that will coher
The CONTAIN relative humidity predictions essential ECCS components within one
were similar in each sequence. All of the auxiliary g
building rooms that were modeled experienced
extended periods in ivhich the relative humidity For small break sequences, flooding will.

was 10M. occur slowly and couhl be delayed by the
operanon ef the compartment semp pumps.

The rate of flooding varied considerably A period of many h^urs would pass before

among the five sequences. In the DilR sequence essential ECCS components would be

in which the large break occurs in the letdown threatened.

line, the source of the flooding is locaud in
Room 236. This flood propagated through a pipe Of ik s ..ious factors controlling pool for-

chase in the floor of Room 236 into Room 115. mation, twc dominate. The first is the rate of

.13 NUREG/CR-5604
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diselige of unflashed fluid from the break. The detecting the LOCA situation, diagnosing the rup-
O second is the extent to which firewater and con. ture as being outside containment, and recovering

densate from the balance of plant fmd their way from the emergewy situation by isolating the
imo roorns housing ECCS equipment, For the break. This section will address these scenario
large break sequences, the principle contributor to specific aspects of this issue; specifically, the
pool formation is the discharge liquid that does sequence timing, available equipment, and indica-
not flash to steam. For large break sequences as tions and procedures will be discussed.
the RCS cools down, this becomes essentially the
run out Dow of the st.. riving ECCS.1n the small 4.3.7.1 Timing to Core Uncovery. The
break sequences, the discharge of the fire protec. time available for recovering from an accident
tion sprays provides a greater flooding hazard sequence is defined as the time to core uncovery
than the accumulation of condensate or unflashed in this analysis, The time to core uncovery is
break discharge, assumed to be the point at which core damage -

begins to occur. Two independent sets of calcula.

The CONTAIN results from the steam propaga- tions w ere performed to estimate this time and are

tion analysis show that the operation's crew entry documented in Appendix G and Appendix M.

into the auxiliary building would be prohibited by
the hve steam environment. Tius steam environ- The m different core uncovery time calcula-

ment forms within a few minutes of system tions used in the analysis are based on two
differeni controlling phenomena. The calculations

rupture. The CONTAIM results also indyate that in Appendix G are based on the water inventorythe inost h.mtmg environmental factor is water
, pool formation (fh>oding) in the ECCS compart- available for injection into the primary system. For

E mentt When the pools reach a depth of 2 ft, the the sequences postulated in this analysis, the dura-

ECCS pump motors veill become submerged. Ttus tion of emergency coolant injection is limited by

.submegence will cause failure of the ECCS the available water inventory because the LOCA

_ pumps. The tirne at which this failure occurs occurs outside of the containment. In these acci-

becomes the limiting time available for operator dents, the leaking coolant cannot be recirculated

recovery. The temperature and humidity effects v a the emergency sump kicated in the contain-

were not important at the B&W reference plaat ment. Cure uncovery follows once the ECCS

because all of the ECCS equipment was qualified ivater supply is depleted and coolant injection

--for the postulated environment produced by a
high-energy line break.

The calculations of Appendix M are based on
the environmental effects that an interfacing

4.3.7 ISLOCA Sequence Timing and Oper- system rupture pcentially _has on ECCS equip-
- ator Actionc. Given a rupture has occurred, the ment survival in the auxiliary building. These

likelihood is high that the operators will isolate the - ca'culations consider the possible consequences
break and recover from tir emergency situation. of discharging primary system coolant into the
llowever, to adequately assess the probability of area < v.here vital equipment are housed. The
successfully recovering from an emergency situa- calsla; ions i rovide information on p.trameters
tion, an analysis must be done that comprises a that ir.huence the environmental conditions that
number of aspects. The first is the Mentification of & grade d'e operation of the ECCS. These envi-
those influences important to the probability of romaental e fects include high temperatures, highr
successful recovery. Among these are the time humidities, and flooding. Direct spray and
available for the operators to act, the availability gossible pipe whip are also considered. In this
and accessibility of equipment necessary for enalysis, the assumption is made that all equip-
recovery, and the human-factor aspects such as ment in the immediate vicinity of the rupture fails
indicators and procedures. Once the particular sce- at the time of the break. Severe environr.iental
nario and its context have been defined, an llRA conditions are a concern in that they can propa.
can be performed to determine the probabilities of gate to adjacent compartments where redundant
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equipment is housed. For some rupture sequen- auxiliary building; Room 236 is directly over and

ces, these environmental condition., can threaten connected to Room 115):

to fail all the ECCS equipment in all of the
Room 105-ECCS Pump Room 1 1, eleva-sequences examined, flooding is the primary con- *

cern. If a rupture occurs, the discharge accumu- tion $45 ft, fire area AB

lates in a single room or compa tment. When the
Room 113-DHR llent Exchanger Pit,water level reaches a certain point (either the top e

of a flood wall or barrier, or the level at which the elevation 545 ft, fire area AB

door b burst open), then the flooding propagates
e Pm iIf-ECCS Pump Room 1-2, eleva-into an adjacent compartment. If the rupture is

relatively large, the flooding might propagate two tion 545 ft, fire area A

or three compartments removed from where the
Roem 236-No. 2 Mechanical Penetrationbreak occurs. This is particularly significant when *

the first vea to be flooded disables one train of Room (contains the DilR letdown lint),

the ECCS. As the severe environmental condi- elevation 565 ft, fire area A.

tions spread to other compartments, the remain-
ing ECCS train is threatened. Core uncovery Tables 13 and 14 show the results of the two

follows once the ECCS fails and the coolant sets of calculations. These calculation estimate

injection stop . The areas al concern are listed the core uncovery times for different ISLOCA

below (545 ft elevatica is the lowest level of the sequences.

Table 13. Summary of ISLOCA times to core uncovery based on exhaustion of water inventory (from

Appendix G).

Basis for time estimate 2.5-in. HPl ISLOCA 10-in. LPI ISLOCA

Time to empty BWST (hour)2 2.90 1.1

Time to cort uncovery (hour) 4.0 1.9

a. All times referenced to the beginning of the ISLOCA.

Table 14. Summary of13 LOC A times to core uncovery based on time to fail all ECCS by flooding (fmm
Appendix M).

Break sequence Failure of all ECCS Time to core uncovery

(see Appendix M) (hourP (hour)

BS-1 (DHR letdo vn line) 0.6 1.5

BS-2 (DHR Hx) 2 3

BS-3 (D!!R pump suction) 3 4

BS-1(DHR lix via LPI) 1 2

BS-5 (HP1 pump suction) 3 4

a. All times referenced to the beginning of the ISLOCA.
-_
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The llRA used only rough estimates of the 4.3.7.3 lndicators and Procedures. If an
_ time to core uncovery. This is judged adequate ISLOCA were to occur, instrumentation is such

.

since even the shortest time estimate is sufficient that there would be adequate indications to allow
for performing the necessary recovery actions, the operators to correctly diagnosis the situation.

-That is, time constraints do not adversely affect Tius statement is true provided the operators do
the perfomiance of the operators and is therefore not become distracted and pursue an inefficient or
not a critical parameter in the analysis. Other fac- inappropriate course of action. The ISLOCA indi-
tors contributing to the decision to use rough time cators the operations crew have to base their
estimates in the HRA are the uncertainties in the actions on include the primary system monitors
codes, the models, and boundary conditions of the that signal a loss-of-coolant; local condition
ISLOCA. The core uncovery times used in the sensors on the interfacing systems such as temper-
IIRA for the B&W reference plant are 2 hours for ature, pressure, and flow sensors; and auxiliary
the DHR and LPI sequences and 4 hours for the building alarms such as t, ump pump operation,
HPi and MU&P sequences. radiation alanns, and possibly the fire detection

systems.
.

|
4.3.7.2 Equipment AvaIlable for Recov- iThe primarj concern in ensuring prof er breakery. There are isolan.on valves that when closed

will isolate the break m all of the ISLOCA scenar- Wion is the applicability of the emergency
. operating procedures under ISLOCA conditians.-.

sos studied here. .I h.is capability to isolate
ISLOCA leaks is beheved to be generic. As an The interfacing system accident sequences postu-

- example of the ability to isolate a pi, e hreak, lated in this analysis for the reference B&W plant

consider the followmg two recovery actons: would be addrersed in the plant's alarm panel
anaunciator response prncedures. Consequently,,

! a considerable amount of time could pass before
1. When the initiating event is a failure of a - the control room crew systematically investigates

check valve, there are typically motor oper. the cause of the "LPI low flow" alarm. The alami
! ated isolation valves available that could be procedure instructs the control room crew to dis-

|: cbsed to provide isolation. patch an operator to inspect any accessible LPI or
'

DH tystem piping. The philosophy used in this
analysis assumed if the operators recognized the

2. . When the primary interfacing system isola- nature of the situation (based on the available
tion is via MOVs, their dominant failure indications), they would then take the necessary _

- mode is inadvertent operation (caused by corrective action without expending significant
human error). Inadvertent operation of amounts of time.

.MOVs is usually recoverable.

4.4 ISLOCA CDF Estimation
One break isolation issue that does remain is the

capability of the MOVs to operate in a high delta-P Based on the event trees described in
envirr ent. For this analysis, calculations were Section 4.1 (and in more detailin Appendix D),
made t stimate the maximum delta-P in which the total ISLOCA CDF for the B&W reference
the valves could operate. These calculations are plant is estimated to be 2.2E -06/ reactor-year.
documented in Appendix C, Section C.5. The Table 15 and Figure 19 provide breakdowns of
results of these calculations support the conclusion this frequency by sequence and release category.
that the MOVs identified for the B&W reference The dominant sequence is the premature cpening -
plant have the capability of closing on high delta-P. of DH-1I and DH-12 during shutdown (identified
These calculations are based on new INEL exper- as the DHR-SD sequence). The results show that
imental data. The new data and the calcuiations of this human error initiated sequence along with
Appendix C are not in complete agreement with one other (MU&P) contribute slightly more to the
the valve's original design information. CDF than the multiple passive hardware failure
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Table 15. Plant-damage state frequericies from ISLOCA sequences for a B&W reference plant
(frequency per reactor-year)r

Sequence CDF REL-Ig REL-m't LOCA-ic LK-ned OK-op.

DHR-SU 4.9E- 09 4.9E - 09 0.0E + 00 7.8E - 09 2.0E - 04 5.9E - 07

DHR-SD 1.1 E - 06 1,l E - 06 0.0E + 00 0.0E + 00 3.0E - 04 3.6E - 04

LPI 9.7E 07 9,7E - 07 0.0E + 00 8. l E - 08 5.6E - 06 5.5E- 06
IIPI 1 AE-08 1.4E- 08 0.0E + 00 0.0E + 00 1.8E - 06 1.6E - 03

MU&P- 1.0E - 07 1.0E - 07 0.0E + 00 0.0E + 00 9.7E - at 9. l E - 03

Totals 2.2E - 06 2.2E - 06 0.0E + 00 8.9E - 08 1.5E - 03 1. l E - 02

Total CDFf 2.2E- 06/ reactor-year (sum of large and mitigated release frequencies).
Phmt-damage state definitions:

REL-Ig l' ore damage with a large unmitigated radioactive release.
REL-mit -Core damage but radioactive release is mitigated.
LOCA-i< -Sequence results in a LOCA inside containment.
Leak-nco-Reactor coolant is lost, but is either too small to be significant or is iso!ated before core

dart age occurs (no core damage).
OK-op-interfacing system'is overpressurized but daes not rupture.

sequence C .e., LPI). The hardware dominated eration of source term estimates are not
sequences a e similar to the classical event-V cate- significantly different. Af:er the conditional con-
gory of sequences that are typically exammed iri sequences were cakulated using the modified
current PRAs. One consequence of modeling Oconee information and the estimated DFs, they

' humen erro-initiated sequences is the relatively were combined with the release category frequen-

high likelih xxl of leaks and overpressure events cie calculated here pnxtucing a point estimate of

predicted by the models.This finding is supported the ISLOCA risk, (The conditional consequences

by historical exper;ence, which indicates that for a range of decontamination fxtors are listed in
-improper valve lineups are much more likely Table 16.) Two release categories were used for
causes of operational events than are hardware binning the event tree end states; mitigated and
failures. Fu ther, the historical experience indi- unmitigated (i.e., large) releases, a DF of I was
cates that sidden, catastrophic valve failure has assumed for the auxiliary building release (large or

never occuned. Consequently, although less con- dry release) and a DF of 10 was used for the miti-
servative haidware failure probabilities were used gated release (fire protection sprays or wet
in this study than are often used in PRAs, the inclu- release). NUREG 1150 used a weighted average

sion of human error contributions to the ISLGCA DF for the wet release of 18.5 and a median value
sequences p oduces an overall ISLOCA CDF of 8.5.3 Additional work on estimating DFs for
slightly_ higher than those typically reported in past auxiliary buildings has been sponsored by Electri-
PRAs. cal Power Research Institute (EPRI) using the

Modular Accident Analysis Program (MAAP)

'4.5' Risk = Assessment 3 08 "Y S "'ork muuld seem t supp rt DFs

The consequi nces of the core damage pnxlue- a. Electric Powu Research Institute, &aluation of
ing ISLOCA scyuences u are estimated using the the Consequerres ofContainment Hypass Scenarios,

. modified containment bypass source term from EPRI-NP-6586-L. November 1989. This report con-
the Oconee PRAM and estimated DFs based on tains proprietary information that is not available to
N UREG-1150.2 Although the Oconee results the general public; however, the results of this study

were developed some years ago, the current gen- were made available tn the INEL analysts for resiew.
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Figure 19. Sequence contribution ts total ISLOCA CDF.

. . Table 16. MACCS consequence results for a range of possible DFs (Oconee source term, scaled to the
B&W reference-plant power, and the Surry site).

Consequence measure DF=1 DF=5 DF = 10 DF = 100

Population dose (person-rem, 50-mi) 2.8E + 06 1.3E + 06 9.7E + 05 2.9E + 05.

Latent cancers (total grid) 4.5E + 03 1.5E + 03 8,9E + 02 1.4E + 02

Early fatalitics 3AE- 02 3.06 - 04 5.8E - 05 1.2E - 06
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for a dry release in the range of 3 to 80, depending and latent cancers, which are the result of long-
on the specific configuration of the auxiliary term effects (i.e., the people move back onto
building. Wet release DFs, with either a Dooded slightly contaminated land and accumulate a life-
break location or sprays available, ranged from *0 - time radiation dosc), seem to be very robust con- i

on up. These DFs while not fully supported by _ sequence measures, insensitive to timing
experimental data, tend to indicate that the source assumptions. The ISLOCA risks for the refer- ,

terms used in this analysis provide a reasonable ence B&W plant are showri in Table 17. I
1estimate of the expected consequences of an

ISLOCA. In addition, the EPRI calculations may 4.6 Sensitivity Study Results
hace under-estimated the amount of hydrogen
expected to be generated. Increasing the amount of Because human errors dominate the rmdts for
hydrogen could (if the hydrogen burns) lead to the reference B&W plant, the major effort in

- reduced DFs. evaluating the effects of uncertinty, and the
sensitivity of major issues on risk, was devoted to

When reviewing the consequence and risk esti- the llRA. The one exception to this is an analysis
mates, several aspects of this calculation should of the effects of the uncertainty in pipe rupture
be kept in mind Many measures of risk are avail- pressures on the CDF of the DilR-SD sequence,
able and have been used in recent studies which will be described first.

2(e.g., NUREG 1150 ).110 wever, to produce
these estimates, many sequ:nce-speciDe and site- 4.6.1 Pipe Rupture Pressure Uncertainty.
specific assumptions must be made from the cost Because of the difficulty in predicting the exis-
of land to the_ warning time available before a tence of flaws in piping, the uncertainty on the
release occurs. These assumptions can have sig- median pipe rupture pressure is estimated to be
nificant effects on the contequences calcuir.ed by greater than for any other component. The rela-
MACCS.20 For example, a sensitivity calculation tively wide distribution on failure pressure gener-
was made (although not documented) where the ates correspondingly large failure probabilities
release timing was changed from that postulated for system pressures less than the median failure;

|- for the Oconee V-sequence to thst assumed for pressure, it was therefore decided to test a
the original NUREG-il50 Surry analysis. Popu- hypotheses that the relative importance of pipe
lation dose and cancer fatalities were relatively ruptures in ISLOCA sequences was an artifact of
unchanged, but early fatalities increased by a fac- this uncertainty. The DilR-SD sequence was cho-
tm of 20. The major influence on this change is sen for evaluating the effect of the uncertainty in
the relation between the start of evacuation pipe rupture pressures on the CDF for the follow-
(detennined by summing the waming time and ing two reasons: (a) it represents the dominant

- the evacuation delay time) and the time and dura- core damage sequence, and (b) it is analyzed on a
tion of the release. Conversely, population dose weighted average of the range of possible system

Table 17, ISLOCA risk for the B&W reference plant (Oconee source term, scaled to reference-plant
- power, and the Surry site).

REL-lg REL-mit
Risk measure DF=1' DF = 10 Total

_

Population dose (person-rem,50 mi) 6.0 0 6.0

Latent cancers (total grid) 9.6E - 03 0 9.6E - 03

Early fatalities 7.7E - 08 0 7.7E - 08
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pressures. That is, system rupture calculations of the failure pressure. The failure pressure is
- were performed for RCS pressures ranging fror assumed to be lognormally distributed. The loga-
400 to 2,200 psig. The conditional rupture proba- rithmic standard deviation then describes the

= bilities were then weighted by the probability that spread in the corresponding normal distribution
the control room operators would prematurely of the failure pressure li.e., the standard deviation
open the DHR-letdown isolation valva (DH-il of In(failure pressure)). The best estimate of the
and Dil-12). The HEPs,in tum, are dependent on logarithmic standard deviation is 0,36 which rep-
the RCS pressure such th: t it is about LOOO times

resents the base case. The sensitivity case was
less likely that the valves would be prematurely

calculated assuming the ricertainty in the failure
opened at 2,200 psig when compared to the liEP g g g gg
at 400 pst. This process produced a large-rupture

d i would beprobabihty of 0.11, condit onal on the premature
'

opening of Dil-ll and DH-12 at some unspeci- 0.1. This represents an extremeiy low value for

fled RCS pressure between 400 and 2,200 psig. this parameter (subsequent mformanon mdicated
that a value of 0.26 would be a realistic lower

The uncertainty.in the pipe rupture pressure is limit). Tables 18 and 19 show the pressure
expressed as the logarithmic standard deviation dependent and the llEP-weighted sy;em rupture

Table 18. DilR system rupture probabilities (weighted by the llEP of prematurely opening Dil-11/12) as
a function of RCS pressure (pipe failure pressure log-std-dev = 0.36).

IIEP-weighted system rupture
RCS System rupture probability - probability

pressure-
- (psig) IIEP Large Small No leak Large Small No leak

2,200' L 2.l E - 07 1 =0 0 2.l E - 07 -0 0
2,100 3.l E- 07 9.99E - 01 I E - 03 - 0 3.l E - 07 4.3E - 10 0
2,000' 4.5 E - 07 ' 9.97E- 01 3E - 03 0 4.5E - 07 1.1 E - 09 0
1,900- 6.7E - 07 9.95E - 01 5E- 03 0 6.6E - 07 3.1 E - 09 0
1,800 P.8E- 07 9.94E - 01 6E - 03 0 9.7E - 07 6.3 E - 09 0

1,700 1.4 E - 06 9.91 E - 01 9E - 03 0 1.4 E - 06 1.3 E - 08 0
1,600. .2.l E- 06 9.83E - 01 1.7E- 02 0 2.l E - 06 3.7E - 08 0

:1,500 J 3.1 E - 06 ' 9.64E -- 01 3.6E - 02 0 3.0E - 06 ! = l E- 07 0.

1,400: 4.5E-06 9.20E - 01 8.0E - 02 0 4.2E - 06 3.6E-- 07 _0

1,300 = - 6.7E - 06 8.36E - 01 - 1.ME - 01 0 5.6E - 06 1.1 E - 06 0

1.200 9.8E- 06 7.05E- 01 2.95E-01 - 0 6.9E - 06 2.9E - 06 0
'

'1,100 ' l .4E - 05 5.51E-01. 4.49E-01 0 7.9E - 06 ' 6.4 E - 06 0
1,000~ 2.lE- 05 4.03E - 01 - 5.97E - 01 IE-N 8.5E - 06 1.3 E - 05- 2. l E - 09

900- 3. l E - 05 . 2.81 E - 01 _-7.18E - 01 " - 03 8.7E - 06 2.2E - 05 2.5E- 08
-800 4.5E-05 1.78E - Ol _ 8.10E - 01 .6 - 02 8. l E - 06 3.7 E - 05 5.3E - 07

700 6.7E- 05 1.00E - 01 8.09E - 01 9.lE - 02 6,7E - 06 5.4E - 05 6 IE-06
600 9.8E - 05 5.0E - 02 - 5.80E-01 3.70E - 01 4.9E - 06 5.7E- 05 3.6E - 05
500 ~1.48- 04 - - 2.l E- 02 1.93E - 01 7.86E - 01 3.l E - 06 2.8E - 05 1. l E - 04
400 2. l E - 04 - 7E- 03 1.2E - 02 9.81 E- 01 1.4E - 06 2.6E - 06 2.lE - 04

! Total 6.6E -- 04 1.13E - 01 3.38E- 01 5.48E - 01
L
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Table 19.- DHR system ruptute probabilities (weighted to the llEP of prematurely opening Dil-11/l2) as
a function of RCS pressure (pipe failure pressure log-std-dev = 0.I).

IlEP-weighted system rupture

RCS System rupture probability probability

pressure
(psig) llEP Large Small No leak Large Small Noleak

2,200 2.1 E - 07 1.0000 0 0 2.1E - 07 0 0

2,100 3.1 E - 07 1.0(K)0 0 3 3. I E - 07 0 0

2,000 4.5E - 07 9.999E -- 01 1E-N O 4.5E - 07 4.5E - 11 0

1,900 6.7 E - 07 9.999E- 01 1E-N O 6.7E -07 6.7E - 11 0
,

1,8W) 9.8E - 07 9.998E - 0 I 2 E - 04 0 9.8E - 07 2.0E- 10 0

1,700 l AE - 06 9.993E - 01 7 E -tK 0 1 AE - 06 1.0E - 09 0

1,600 2. l E - 06 9.95E -01 5E-03 0 2. l E - 06 1.l E - 08 0

1,500 3.lE - 06 9.76E - 01 2AE -02 0 3.0E - 06 7.5E - OS 0

1.400 4.5E - 06 8.91 E - 01 1.09E - 01 0 4.0E - 06 4.9 E - 07 0

1 300 6.7E - 06 6.90E - 01 3.10E- 01 0 4.6E - 06 2. lE - 06 0

1,200 9.8E - 06 3.87 E- 01 6.13E - 01 0 3.8E - 06 6.0E - 06 0

1,100 1 AE - 05 1 AGE-01 8.60E - 01 0 2.0E - 06 1.2E - 05 0

1,000 2.1E - 05 3.1E - 02 9.69E - 01 2E - 04 6.5E - 07 2.0E - 05 4.2 E - 09

900 3.lE- 05 5E-03 9.94E - 01 1 E - 03 1.6E - 07 3.1 E - 05 2.5E - 08

800 4.5E - 05 IE - 03 9.85E - 01 1 AE- 02 3.6E - 08 4.5E - 05 6.5E - 07

700 6.7E - 05 0 8.98E - 01 ! .02E - 01 8.0E - 09 6.0E - 05 6.8E - 06

600 9.8E- 05 0 6.13E - 01 3.87E -01 5.9E - 09 6 0E - 05 3.8E - 05

500 1 AE - 04 0 1.98E - 01 8.02E - 01 5.7E - 09 2.8E - 05 1.2E - 04

400 2. l E - 04 -0 1.3E - 02 9.87E - 01 4.2 E - 09 2.6E - 06 2. l E - 04

Total 6.6E - 04 3.7E - 02 4.05E - 01 5.58 E - 01

probabilities for the two :aser The results pres- 33% of its base cese ulue, which would still

ented in thete tames show that for sequences make it one of the dominant sequences.

associated vAth normal RCS operating pressures
(i.e., eove 2,000 psig), the system rupture proha- 4.6.2 HRA Method Sensitivity. Because of
tisity b indistinguishable, indeed, at an RCS their relative significance to CDF and risk, two
pressure of about 1,400 psig, the rupture probabil- separate sensitivity studies were perfonned rel-
ities are essentially the same. However, at lower ative to the llRA for this program. The first study ,

RCS pressures, the effect is significant. This is relates to the DHR-SD sequence described in the

more profound when RCS pressure is below previous section. Instead of examining the effects

1,000 psig, where the failure probability can vary of pipe rupture pressure uncertainty on CDF, this

by more than two orders of magnitude (from 0.2 study identifies the sensitivity of CDF to the
to 0.001 at 800 psig iable 20 compares the assumption on the distribution of IlEPs as a
effects on the DHR-Sb sequence CDF for the two function of RCS pressure. That is, how does the

cases. Overall, the sensitivity case produced a probability of the human error of commission
CDF for the DHR-SD sequence that is reduced to (i.e., the premature opening of the DHR letdown
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Table 20.- - Sensitivity of pipe rupture pressure uneenainty on DHR-SD sequence CDF (per reactor-year).
Base case, log-std-dev = 0.36; sensitivity case, log-sid-dev = 0.1.

Damage state : Base case Sensitivity case

OK-op 3.6E - 04 3.7E - 01

LK-ned ' 3.0E - N 2.9E-N

LOCA-ic | 0 0

REL-mit 0 0

REL-Ig 1.lE - 06 3.5E - 07

DHR-SD total core damage 1.1 E - 06 3.5E - 07
>

valves, DH-il and DH-12) vary as a ftmetion of probability of 6.6E -04, as calculated by tiie
RCS pressure.' The second HRA' sensitivity case _ HRA This portion of the process is shown in
studies the effect of optimizing the conditions et Tables 21 and 22. The calculation of the pressure )the B a:W plant with respect to operator perfor- dependent HEPs for the sensitivity case is shown
mance. In this case, the performance shaping fac- in Table 23 (the base case is shown on Table 18).
tors are assumed to result in positive influenas The result of this study is that the CDF is reduced
and produce relatively low HEPs. by a factor of approximately two.This sensitivity

case represents a likely and realistic altemative to
_ 4.6.2.1 initiation of DHR-SD Sequence. the assumptions made for the base case. Although

- The HEP for prematurely opening the DHR let- the base case represents the best estimate for
down valves during shutdown is taken as a cumu- modeling this sequence based on the experience -

lative probability that the actionis performed of the analysts and their familiarity with both the
before the RCS pressure is reduced to 300 psig. subject B&W plant and the historical data, an
Because tl e probability of 7pturing the DilR argument could be made for a less conservatise3
system is dependent on the actual 'lCS pressure, treatment. The results of this sensitivity case r i
it is necessary to allocate the HEP across the vide an estimate of the change in results for se
range of pr'ssible pressures. In the base case less conservative treatment of this human error,
analysis this HEP is distributed such that the namely a reduction in CDF by a factor of two..

probability of opening the valves at 2,200 psig is
~

about 1,000 times less likely when compared to.
the value at 400 psig (i.e., relative weights of A second sensitivity. case was evaluated in
0.001 and 1.0, respectively). This sensitivity which an absolute upper bound on RCS pressure

.

study identifies the effect of weighing the HEPs of 1,000 psi was used. In this situation, a linear
L more toward the low. pressure end. Specifically, weighing scheme of between 400 and 1,000 psi
p the first sensitivity case uses a relative weighing provided the basi, of the HEP distribution. The
L of 1.0E-N at 2,200 psig (compared to a weicht regression analysis for this case is presented in

'

. of 1.0 for 400 paig). Once the relative weighing of Table 24 and the pressure dependent HEPs and
- the HEPs was estimated, a linear regression line rupture probabilities are presented in Table 25.
was generated on the log (HEP). This line was Table 26 lists the results of this analysis along
then used to calculate the appropriate probsbility wid the base case estimates of CDF and risk for
distribution that yielded the estimated cumulative the DHR-SD sequence.
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Table 21. Relatim weighing of HEP as a function of RCS pressure, base case. Regression used for
estimating pressure dependent llEPs.

Regression output

Constant 0.666667

.
Standard error of Y estimate O

RCS Relative
-pressure llEP log (llEP) R squared 1

2,200 0.001 -3 Number of observations 4

1,600 0.01 -2 Degrees of freedom 2

1,000 0.1 -l X coefficient (s) -0.00167

400 1 0 Standard error of coelficier t 9.6E - 12

Table 22. Relative weighing of HEP as a function of RCS pressure, sensitivity case. Regression used for
estimating pressure dependent HEPs (Sensitivity Case #1).

Regression output

.
Constant 0.888889

RCS Relative
pressure HEP log (llEP) Standard error of Y estimate 0

2,200 0.0001 -4 R squared 1

1,750 0.001 -3 Number of observations 5

1,300 0.01 -2 Degrees of freedom 3

850 0.1 -l X coce s ent(s) -0.00222

400 1 0 Standard error of coefficient 1.2E -- 12

Procedures for startup, shutdown, and quar-4.6.2.2 Optimized PSFS. The second llRA *

- sensitivity analysis was conducted to determine if terly stroke test could be madified to include

modificatiu.s to the human / machine system (per- the appropriate cautions, notes < warning, or

formance shaping factor.s) would result in sig- checklists. An example would be noting the

nificant gains in operator performance. This importance of correct valve lineups for '

sensitivity case assumes operator performance is llP-27 and HP-29, and the correct lineup for

improved by modifying procedures (both testing Dil-21 and Dil-23 in terr.is of the potential

and emergency operating procedures) to explicitly for ISLOCA,

addrest,ISLOCA concems aad through the use of
Instrumentation could be improved byISLOCA specific training.The perfonnance shap- a

ing factors were ther; re-evalnated assuming plant including a valve sta i ; board in the control

operations were optimized, and the resulting room. Also, providing information on pres-

change in the HEP calculated for the dominant sure, temperattne, level, and flow in tne

sequences (i.e., DilR-SD, LPI, and MU&P). The interfacing systems in an unambiguous
followbg were identified as means for improving manner to the crew could improve the

the operatory ' performance in regards to lSLOCA: instrumentation.
,
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Table 23. DilR system rupture probabilities (weighted by the llEP of prematurely opening Dil.11/12) as
a function of RCS pressure. Sensitivity case for relative weight of 1.0E- N at RCS pressure of 2,200 psig.

-RCS IIEP-weighted system rupture
pressure- System rupture probability probability
(psig) IIEP Large Small No leak Large Small No leak

' 2,200 2.6E - 08 i.000 - 0 0 2.6E- 08 0 0
1,100 ' 4.4E - 08 9.99E - 01 1 E -03 0 4.4E - 08 6.lE - 11 0
2,000 7.4E - 08 9.97E- 01 3E - 03 0 7.3E - 08 1.9E - 10 0

'

1,900 1.2E - 07 9.95E - 01 SE- 03 0 1.2E - 07 5.6E - 10 0
1.800 2.0E - 07 9.94E - 01 6E - 03 0 2.0E - 07 1.3E - 09 0

1,700 3.4E - 07 9.9?S - 01 9E -03 0 3.4E - 07 3.0E - 09 0
1,600 5.7E - 07 9.83E - 01 - 1.7E - 02 0 5.6E - 07 1.0E - 08 0-

1.500- 9.5E - 07 9.ME- 01 3.6E - 02 0 9.2E - 07 3.4E - 08 0
1,400 1.6E - 06 9.20E - Oi 8.0E - 02 0 1.5E - 06 1.3E - 07 0 ,

1,300 = 2.6E - 06 836E-0I 1.64 E- O n 0 2.2E 4 4.3 E - 07 0 '

l.2(X) 4.4 E - 06 7.05E - 01 2.95E - 01 0 3.1 E - 06 1.3E - 06 0 |i
1,100 7.4E - 06 5.51 E - 01 4.49E - 01 _ 0 4.1E - 06 3.3E - 06 0 i
1,000 1.2E- 05 4.03E -0I 5.97E - 01 1E-04 4.9E- 06 7.3E - 06 1.2E - 09

900 2.0E -- 05 2.81 E- 01 - 7.18E - 01 lE- 03 5.7E - 06 1.5E - 05 1.6E - 08
800- 3.4E -15 1.78E - 01 8.10E - 01 1.2E- 02 6.1 E - 06 2.8E - 05 4.0E - 07

700 5.7E - 05 1.00E- 01 - 8.09E - 01 9.1 E - 02 5.7E - 06 4.6E - 05 5.2E - 06
600- 9.5E- 05 5.0E- 02 5.80E- 01 3.70E - 01 4.7E- 06 5.5E - 05 3.5E - 05
500 1.6E - 04 2.! E -02 1.93E- 01 7.865 - 01 3.4E - 06 3.l E - 05 1.2E - N
400 2.6E - N 7E - 03 - 1.2C - 02 9,8) E - 01 1.7E - 06 33E - 06 2.6E - 04

Total 6.6E- 04 6.9E - 02 2.88E- 0I 6.43E - 01

Table 24. ; Relative weighing ofIIEP as a function of RCS pressure, sensitivity case. Regressica used for
estimating pressure dependent IIEPs (Sensitivity Case #2).

: RCS
,

1 pressure Relative
(psi) 1-lEP Regression output

1.000 0 Constant 1.66667

800 0.333333 Standard error of Y estimate 3.16E - 07 -

L. 600- _0.666667. R squared 1

400 1 Number of observations 4

Degrees af freedom 2

X coefficient (s) -OiX)l67

Standard error of coefficient 7.07E- 10

'
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Table 25. DiiR system rupture probabilities (weighted by the llEP of prematurely opening Dll-ll/12)
as a function r ' RCS pressure. Assumes a linear probability distribution of the llEP, probability weight at
400 psig = 1.0, at 1,000 psir w 0.0 (Sensitivity Case #2).

IIEP-weighted system rupture
RCS System rupture probability probability

pressure
(psig) 1:EP Large Small No leak 1arge Small No leak

2,200 0 1.000 0 0 0 0 0

2,100 0 9.99E - 01 l E - 03 0 0 0 0

i 2,000 0 9 97E- Ol 3E - 03 0 0 0 0

1,900 0 p5E - 01 SE - 03 0 0 0 0

1,800 0 9.94E - 01 6E - 03 0 0 0 0

1,700 0 9.9 t E - 01 9E - 03 0 0 0 0
1 1,600 0 9.03E - 01 1.7E - 02 0 0 0 0

'

1,500 0 9.64E - 01 3.6E - 02 0 0 0 0

i 1,400 0 9.20E - 01 8.0E - 02 0 0 0 0

1,300 0 " 36E- 0I 1.64E - 01 0 0 0 0
..g

1,200 0 7.05E - 01 2.95E - 01 0 0 0 0

1,100 0 5.51 E - 01 4.49E - 01 0 0 0 0

1,000 0 4.03E - 01 5.97E - 01 I E - 04 0 0 0

900 3. lE - 05 2S IE - 01 7.18E - 01 l E - 03 8.8E - 06 2.3E - 05 2.5E - 08

800 6.3E - 05 1.78E - 01 8.10E - 01 1.2E - 02 1.l E - 05 5.l E - 05 7.3E - 07

700 9.4E - 05 1.00E - 0I 8.09E - 01 9. I E - 02 9.5E - 06 7.6E - 05 8.6E - 06

600 1.3E - 04 5.0E- 02 5.80E - 01 3.70E - 01 6.2E - 06 7.3E - 05 4.7E - 05

500 1.6E - 04 2.1 E - 02 1.93E - 0I 7.86E - 01 3.4E - 06 3.0E - 05 1.2E - 04

400 1.9E - 04 7E - 03 1.2E - 02 9.81E - 01 1.2 E - 06 2.3E - 06 1.9E - (M

Total' 6.6E - 04 6.1 E - 02 3.87E - 01 5.52E - 01

Table 26. Sensitivity of pressure dependent HEP on DHR-SD sequence CDF (per reactor-year). Ilase
case: liEP relative weight at 2,200 psig,1.0E-03. Sensitivity cases: IIEP relative weight at 2,200 psig,
1.0E- 04 (Sensitivity Case #1); probability = 0 at 1,000 prig (Sensitivity Case #2).

Damage state Base cas Sensitivity Case #1 Sensitivity Case #2

OK-op 3.6E - G4 4.2 E - 04 3.6E - (M

LK-ned 3.0E - 04 2.4 E - 04 3.0E - 04

LOCA-ic 0 0 0

REL-mit 0 0 0

REL-Ig 1.1 E - 06 6.4E - 07 5.7E - 07

Core damage 1. l E - 06 6.4 E - 07 5.7E - 07
(

l
1
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Training of the control room and equipment personnel) assigned ta signoff on tasks' *

operator personnel could be improved two performed.
; ways: a formal ISLOCA procedure could be
developed and trained upon, and the han- - The llEPs that were calculated based on opti-
dling of computerized alanns on the control mized PSFs were taken from NUREG/CR-1278.8
room could be formalized. Using these sensitivity case llEPs (i.e., opti-

mized), CDF was recalculated and is shown in
. Independent checks (recovery factors) could Table 27. A significant reduction in CDF and risk*

- be included by all tasks covered by pro- resulted from the optimization of the llEPs even
cedures having an independent second though the postulated changes to procedures,
operator (shift supervisor, instrumentation training, and instrumentation are not believed toe
wd control technicians, or maintenance be costly.

,,

}'s.
_

' lash ? ~ sivity of both CDF (per reactor-year) and risk to optimizing PSFs.<

( Risk measure Base case Optimum IIEPs
z'

+-

REL-Ig 2.2E - 06 4.8E- 08

REL-mit 0 0

LOCA-ic ' 8.9E - 08 - 8.0E - 09

LK-ned 1.5E - 03 1.2E - 03

OK-op 1.l E- 02 1.l E - 02

Population dose (person-rem,50-mi) 6.0 0.13

Latent cancers (total grid) 9.6E - 03 2.2E - N

Early fatalities 7.7E- 08 1.7E - 09

l

.
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5. OBSERVATIONS

A methodology for evaluating lSLOC A risk has pump starts and stops. The pressures generated
been developed and applied to a reference B&W during the various ISLOCA events cannot be
NPP. This methodology has been successful in accommodated by the relief capacity of these
providing insights on the relative contnbutions of valves. The RELAP5 calculations (without the
both hardware faults and human actions to the relief valves modeled) indicated that equilibrium
CDF and risk associated with an ISLOCA. The pressure in the interfacing system was reached
results indicate that Lman errors of commission, virtually instantaneously. The same interfacing
latent faults of equipment, and normal pnxedural systems required less than 10 seconds to reach
tasks can combine to produce an ISLOCA equilibrium when relief valves were included in
sequence, The methodology was also used to iden- the model. A relief valve can be effective in
tify potential means o reducing these contribu- protecting a portion of an interfacing systemr

tions to risk. Lastly,the p.aess has shown that risk downstream from a restricting orifice. This is pro-

significant ISLOCA sequences can occur during vided that the orifice size was comparable to the
nonpower operating modes. Th( conclusions and relief valve size and the relief valve was also
recommendations relating to the reference D&W downstream of the orifice.
pLnt are presented below. 'Ihese conclusions are
followed by a preliminary discussion of the reia. Based on the pre ssure fragility and rupture anal-

tionship of these results to the general population yses, the DHR heat exchanaer was identified as

of NPP. having a relatively high likelihood of being rup-
tured during an ISLOCA (i.e., a low-pressure fra-
gility). The large diameter, low. pressure pipe was

5.1 B&W Reference Plant- also a very likely candidate for rupture. Specih-
Specific Observations cally, the schedule 10S and 20 pipe on the suction

side of the DHR pumps was estimated to have a

The ISLOCA results cannot be compared with very high rupture probability in the DilR
those of a previous separate study of the same sequences,

plant. This is because a PRA for the reference .,

"#"'" Y# " " * #" # " " *
B&W plant is not publicly availal31c. The best the type of training and procedures used to miti-
results for comparison are fwm the Brookhaven

E * " #""I'""*""#"",

influenced by the awareness of the potential f."'ISLOCA study for Oconee.3The BNL study indi- or
cated that the expected CDF from an ISLOC A was ISLOCAs (i.e., the importance of maintaining

.

about IE-06/ reactor-year. The B&W reference
. .. pressure isolation boundaries during mutine plant

plant CDF is similar in magnitude. liowever, the pra nO an ty W regpe theISLOCA sequences that include only hardware indications of a breach m the pressure isolation
failures (i.e., LPI) were found to be important but

.

boundary. .These two items appear to be the most
not dominant with respect to total plant nsk, Th.

.

is
significant influences on ISLOCA related human

is attributed to the exclusion of small leak rate errors. At the B&W reference plant of this study,
failures (i.e., <200 gpm), and the melusion of oper- human errors can be . fluenced by the approachm
ator actions that would recover the sequence and

taken at the plant during some operations related
prevent core damage. to the RCS pressure . isolation boundary. These

include as follows:
The pressure fragility analysis of the interfacing

The quarterly stroke testing of HPI MOVsystems showed that the existing relief valves pro- *

vide insufficient protection against ISLOCA HP-2A results in the tripping of pressure
events.The relief valves in the interfacing systems switch PSH-2S83A. This pressure switch
are designed to mitigate the pressure transients actuates a computer alarm in the control
associated with routine valve realignments and room. The operation's crew know it is caused

57 NUREG/CR-5604
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Observations .

by IIP 2A test and therefore are unconcerned This risk reduction can be achieved by improving
- about its annunciation during testing. Titis human perfonnance through changes to

computer alarm is the only direct indication
* Proceduresthat the RCS is back leaking into the llPI

lines. The implication is that these circum-
Training*stances may create a situation that increases

the potential of the high-pressure somputer
Indication and alarm response,*

alami not being responded to as quickly as it
could be.

A number of positive observations were noted.
These o'oervations are related to the effectsIn order to deal with the large dead-band on*
associated with interfacing system ruptures and

the interlock on valve Dil-12, the plant shut-
down procedures allow the operations crew the resulting water spray and accumulation. The

ECCS at the B&W referetice plant are adequatelyto jumper-out the Dil-12 interlock il the
Dil-12 valve will not open when initiating separated. Each postulated rupture was reviewed

based on the premise that all equipment in theDilR cooling.
same room as the rupture would fail because of the

The llRA analysis perfo med to estimate the resulting environment. The most compromising

ISLOCA frequency at the B&W reference plant is situation occurs in t_he DilR sequences where both

inf'~nced by the following trains of the DiiR system may fail because of a
rupture in the single RCS-letdown line or a rupture

The lack of specific procedures for respond. in the DilR heat-exchangers (both heat exchang-*

ing to the computer e' arm system. ers are in the same room). However, given that the

nepture is imlated, the plan, will be able to rely on

- The training requirements on these beyond the operation of the power conversion system*

design basis severe accident ISLOCA and/or the auxiliary feedwater system to cool the

: sequences. The information in the plant's reactor and maintain it in a stable condition. This
option was availablc for every ISLOCA sequencetraining program does not require that the'
postulated, provided the inter-system rupture was

_

plant staff have a comr' *e understandits
the possibility and consequences of lSLOC A isolated. (Note:In every ISLOCA sequence

type events. examined, valves were in place that could be used
for this Thus, the ability to prevent core damage

Procedures that allow personnel to jumper- would very likely be available for all ISLOCA' *

out the protective interlock on one of two requences).

DHR letdown line MOVs.
Conversely, core damage is likely to occur if

C ISLOCA events are not explicitly addressed the interfacing system's rupture is not isolated,

in the plants emergency operating proce- This results from small BWST makeup capability

dures. Ilowever, the alarm response proce. (approximately 150 gpm) and the time expected

dures do direct the operators to walk-down for the ECCS to drain the BWST (approximately

accessible portions of the affected systems. 4 to 8 hours).

Specifically, the proceNre for the "LPI low
flow" alarm directs the operators to walk- 5.2 Generalized Observations
down accessible portions of the LPI/DilR
system. Although the estimated ISLOCA risk and CDF

are not of major concem, there is indication that
The sensitivity calculations that addressed the operational ISLOCA-type events are likely.

effect of optimir.ing human perfonnance on risk Appendix A lists a number of events that have
- have shown that the estimated ISLOCA risk at the occurred in the commercial nucicar power indus-

B&W reference plant can be greatly reduced. try. In addition, the calculations performed here

<
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result in a high likelihood of events being initi- being high. The H&W plant used for this study

ated, but a similarly high probability of those does not have emergency operating procedures

events being recovered. The primary reason for that specifically address the ISLOCA scenarios

the occurrence of these events is believed to be postulated here. The good performance attributed

the limited awareness of operations personnel to the control room operators is the re uit of a

concerning the possibility and consequences of " reasonable person" approach. In the HR A. the

ISLOCA esents. Human errors tend to dominate probability that the operatois would successfully

the frequency of the ISLOCA precursors. These recover from a potential ISLOCA scenario was

human errors that contribute to the ISLOCA risk
based on how a reasonable person would respond

to the indications available in the control room.occur during routine plant operations (e.g., plant
startup and shutdown, and periodic surveillance
and testing of isolation valves). This human per- (Note: The plant specific H& W emergency operat-

formance results in a relatively high initiating ing procedures are not designed to specifically

event frequency for ISLOCA sequences. Credit address the iSLOCA sequences. If changes are

has been given in the analysis to the exoertise of made to these ptocedures to address ISLOCA

the operators of the B&W plant analyzed in this sequences, the ability to recover from these events
,

study to being able to recover from a sequence of woul . be significantly increased. These types of

events that could result in an ISLOCA. It is this changes sb mld be con +idered in the context of a

consideration that keeps the CDF and risk fram severe accident management policy.)

.
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his document presents information essential to understanding the risk associated with inter-syster - ioss-of-coolant
accidents (ISLOCAs). Re methodology developed and presented in this document provides a state-of-the-art method
for identifying and evaluating plant-specific hardware designs, human performance issues, and accident consequence
factors relevant to the prediction of the ISLOCA risk. This ISLOCA methodology was developed and then applied to
a Babcock and Wilcox (B&W) nuclear power plant. The results from this application are described in detail. For this
particular B&W reference plant, the assessment indicated that the probability of a severe ISLOCA is approximately
2.2E - 06/ reactor-year,
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